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ACL Injuries—The Gender Bias
Research Retreat III

T

his was the third research retreat focused on gender bias in anterior cruciate ligament (ACL)
injuries. The first 2 took place in Lexington, KY in April of 2001 and 2003. The purpose of
this third retreat was to continue to examine the factors thought to be associated with gender
bias in ACL injuries. In addition, we sought to revisit and update the consensus statement
from 2003.1 A call for abstracts for the retreat was announced in the summer of 2005. All received
abstracts were then peer-reviewed for scientific merit and relevance to the retreat topic. There was a
50% increase in the number of abstract submissions this year. In the end, 33 abstracts were accepted.
These were grouped into sessions addressing structural,
neuromuscular, biomechanical, and hormonal factors
that may influence the gender bias in ACL injury incidence. It was interesting to note that the majority of
abstracts submitted were in the area of neuromuscular
and biomechanical factors, with only a few in the areas of structural and hormonal factors. This suggests a
trend in the research focus towards the more modifiable
factors. The retreat was cohosted by Kentucky Sports
Medicine and Drayer Physical Therapy Institute and
sponsored by DonJoy, Aircast, Bluegrass Bracing, and
Smith and Nephew. To accommodate the increase in
number of high-quality abstracts, the meeting was extended to 2 full days. The retreat was attended by both
clinicians and scientists with a common interest in the
ACL injury gender bias. The 60-plus participants included registrants from across the United States as well
as Canada and Australia. As with the previous retreats,
the group consisted of physicians, physical therapists,
athletic trainers, and scientists in the areas of biomechanics, motor control, and neuromuscular function.
1
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Thirty percent of the participants in the 2006 retreat
were participants in a previous retreat as well. The format of the meeting included 1 keynote presentation per
day, along with 15-minute podium presentations made
by some of the participants. The keynote presenters
were chosen for their scientific contribution to the understanding of factors associated with the gender bias
seen in the incidence of ACL injuries. Ton van den Bogert, PhD, from the Department of Biomedical Engineering at the Cleveland Clinic gave the first keynote
titled “ACL Injuries: Do We Know the Mechanisms?”
The second keynote presenter was William Garrett,
MD, PhD, from the Department of Orthopedics at Duke
University, whose talk was titled “Anterior Cruciate Ligament Injury Mechanisms and Risk Factors.” Following
all of the presentations, a consensus development session was held. In the following pages, you will find the
consensus statement and an abstract on each of the 33
presentations made at the conference, organized by the
topics listed above. t
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ACL Injuries—The Gender Bias

T

he consensus statement was developed with input from all of the participants. Once all
papers were presented, the participants formed into groups, based upon each of the factors
discussed during the meeting. As with previous retreats, the consensus was formed through
discussion of what we know, which was grounded in the recent literature and information
presented at the current retreat. The group then identified what is still unknown (what we
don’t know) about each factor’s contribution to the gender bias. This led to the final part of the
consensus, in which suggestions for future research directions were made. Each group was charged

with providing a draft consensus statement that was then
presented to the group for further discussion. Participants
agreed that the consensus should be viewed as the present
state of thought about anterior cruciate ligament (ACL) injuries, based upon current knowledge. As with previous retreats, it was acknowledged that what we know will likely
evolve with time.
Participants continue to agree that, while there is a gender
bias in ACL injuries, some of the identified factors (structural, neuromuscular, and biomechanical) may not be purely
gender specific. Some males may also exhibit these factors
and be at greater risk for ACL injury. The question of whether
females should move like men or whether there is a different
optimal pattern for them was also again discussed, but not
resolved. However, it is apparent that the current movement
patterns of females place them at increased risk for injury.
Finally, there was a group consensus that more ecological
studies are needed to better replicate the environments in
which the injuries typically occur.
New to this year’s retreat were presentations on the use
of 2-dimensional techniques to assess movement patterns.
These approaches are important as they can be easily implemented in the clinic. They also provide a means to conduct
large-scale screening studies to predict injury risk and assess the effect of intervention programs. Another new topic
discussed this year was gender differences in variability of
movement. This is an emerging topic in the biomechanics
community, with ongoing discussions of the importance of
variability in reducing injury risk. However, excessive vari1

2

ability of movement may be detrimental. Therefore, the optimal level of variability requires further defining.
Following are the sections of the consensus statement for
each of the factors thought to be associated with the ACL
injury gender bias, as well as for the section on intervention programs. We realize that these lists are not all inclusive; however, they do represent the collective opinions of
the participants in this retreat. Many of the questions from
the previous retreat remain unanswered. It is our hope that
this consensus statement will promote research studies in the
suggested areas so that some of these gaps in the literature
might be filled by the next ACL research retreat.

BIOMECHANICAL FACTORS
What We Know
1.	Females (adults and children) have higher knee valgus
angles and moments during a variety of cutting, landing,
and squatting tasks.8,9,10,19,23,24
2.	These increased valgus angles and moments have been
shown to be associated with ACL injury risk both experimentally5 and in a computational model.13
3.	Females demonstrate decreased hip flexion angles9,12 and
knee flexion stiffness15 during cutting tasks.
4.	Hip adduction angles during a variety of activities are
greater in females3,4,16,23 and are positively related to knee
valgus angles.14
5.	Hip transverse10,20 and frontal plane angles20 are related
to knee valgus moments during cutting tasks.
3
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6.	Knee frontal and sagittal plane moments at both slow and
fast speeds are influenced by anticipation.1,6 Thus, tasks
that incorporate more ecological conditions may result in
differences in knee biomechanical variables.11,18,21
7.	Frontal plane trunk adaptations are associated with alterations in frontal plane knee moments.7
8.	2-D methods under specific conditions may be used to
predict static and dynamic knee valgus.2,22

What We Don’t Know
1.	How do multiplanar mechanics of the lower extremity
combine during movement to induce ACL injury?
2.	How do posture and balance of the trunk influence lower
extremity mechanics?
3.	What are the most useful measures of variability (ie, joint
angles, continuous relative phase angles, joint kinetics)?
Is there an optimal window of variability in terms of injury risk and can variability be altered with training?
4.	How do maturation levels influence mechanics during
dynamic activities?
5.	To what extent do mechanics observed in the lab relate
to and reflect those observed in the real world (ie, game
situations)?
6.	Is the 2-D knee valgus angle predictive of those at risk for
ACL injury?

Where Do We Go From Here?
1.	Further explore the influence of the trunk on lower extremity mechanics.
2.	Determine when maturation of biomechanical patterns
occurs.
3.	Explore biomechanical definitions of variability as a risk
factor for ACL injury.
4.	Further explore the association of biomechanical variables to predict injury.
5.	Develop biomechanical models to explore the role of mechanics in ACL injury.
6.	Identify specific methods that have ecological validity for
evaluating injury risk. In addition, develop methods to
assess dynamics in real life (ie, game) situations.
7.	Examine whether simple 2-D measures are predictive of
injury risk.
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NEUROMUSCULAR FACTORS
What We Know
1.	Muscle strength and knee kinematics are weakly to moderately related.4,8,12 This suggests that other neuromuscular factors, such as muscle timing and activation patterns,
may also be important.
2	Females have been shown to exhibit different quadriceps,
hamstrings, and gastrocnemius muscle activation patterns than males.5,7,9,13
3.	Females are weaker (normalized to body weight) in hip
strength1 as well as quadriceps and hamstring strength6
measures than males.
4.	Muscle activation differs during anticipated and unanticipated tasks.2,5,10
5.	Muscle activation patterns can be changed with
training.3

What We Don’t Know
1.	Whether muscle activation differences between males
and females relate to ACL injury risk.
2.	Which strength measures best correlate to knee kinematics and kinetics?
3.	How activation (ie, amplitude, onset, timing) of specific
muscles at the hip, knee, and ankle influences knee kinematics and kinetics?
4.	How to most effectively alter muscle activation with
training?
5.	Whether changes in muscle activation induced by training and measured in the lab translate to functional/gamelike settings.

Where to Go From Here
1.	Continue to investigate the influence of strength on knee
mechanics by varying strength testing protocols. These
might include eccentric action testing, velocity-specific
testing, and angle-specific testing.
2.	Determine if there is a critical threshold of strength gain
needed to facilitate changes in knee mechanics.
3.	Continue to investigate how hip and ankle muscle activation influence knee mechanics.
4.	Continue to investigate muscle activation during “sportspecific” tasks associated with ACL injury.
5.	Continue to investigate how trunk position and core stability influences knee mechanics.
6.	Develop reliable and valid clinical measures of neuromuscular control.
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INTERVENTION PROGRAMS
What We Know
1.	Various training programs that incorporate elements of
perturbation training, plyometric training, education,
strengthening, and feedback have been shown to alter
biomechanical and neuromuscular variables thought to
contribute to ACL injury.3,5,7,8,9,12,13
2.	Various intervention programs have been shown to reduce the incidence of ACL injuries.4,6,10
3.	The protective effects of strength training appear to be
transient.1,2,11

What We Don’t Know
1.	What are the mechanisms underlying the success of various injury prevention programs? Specifically, what elements of an injury prevention program (strengthening,
plyometrics, etc) produce the desired protective effect?
2.	How much training stimulus (ie, duration and timing) is
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required to produce the desired protective effect and how
long does the effect last?
3.	At what age should an injury prevention program be
implemented to produce maximum effects?
4.	Do intervention programs need to be tailored to specific
sports, specific ages, or an individual athlete’s needs?
5.	Do intervention programs influence athletic performance?

Where Do We Go From Here?
1.	Evaluate various intervention modalities (individually
or in combination) to determine the optimal approach
to alter biomechanical and neuromuscular risk factors
thought to contribute to ACL injury.
2.	Develop screening tools to identify at-risk individuals
who would most benefit from an intervention program.
3.	Evaluate how athletes of different stages of maturation
respond to injury prevention programs.
4.	Determine the optimal timing of an intervention with
respect to the competitive season.
5.	Evaluate whether injury prevention programs affect athletic performance.
6.	Continue conducting prospective, randomized, doubleblind studies to evaluate the ability of prevention strategies to prevent ACL injuries.
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STRUCTURAL FACTORS
What We Know
1.	Female ACL is smaller in length, cross-sectional area, and
volume when compared to male.4 The difference persists
even after adjusting for body anthropometry.
2.	Notch height is smaller and notch angle larger in the male
population when compared to the female population (these
differences may influence the notch impingement theory).4
3.	Notch width is a good predictor of ACL size (area and
volume) in men but not in women. Notch angle is a good
predictor of ACL size in females but not in males.4
4.	The female ACL is less stiff (lower modulus of elasticity)
and fails at a lower load level (lower failure strength). 3
These differences persist even after adjusting for age,
body anthropometrics, and ACL size. The lower stiffness
of the female ACL generally supports the higher observed
laxity of the female knee.
5.	The ultrastructural analysis of the ACL shows that the
percent of the area occupied by collagen fiber (area of collagen fibers/total area of the micrograph) is lower in female when adjusted for age and body anthropometrics.5

What We Don’t Know
1.	The impact of activity level on the strength and properties
of the ACL.
2.	The impact of exercise and weight training on the laxity of
the knee. Results of current studies1,6,8,9 are inconclusive.
3.	The impact of meniscus geometry on ACL strain during
activity.
4.	Which activities (cutting, jumping, stop-jumping, etc)
cause the highest load and strain on the ACL. The few
studies that have been conducted are inconclusive.2,7,11

Where Do We Go From Here
1.	Determine whether we can simulate ACL failure in the
laboratory environment under physiological loading.
2.	Demonstrate how the ACL and the overall knee joint
behave under different dynamic conditions.
3.	Investigate the relationship between muscle-strengthening programs and ACL response to such programs
through knee laxity measurements.
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5.	Are there genetic differences in the structural and molecular properties of the ACL that predispose women or
certain women to ACL injury?
6.	The time course of collagen remodeling from expression of mRNA and protein to measurable changes in the
strength of the ligament.
7.	How does the interaction of hormonal fluctuations
during the menstrual cycle affect the neuromuscular
control?

Where Do We Go From Here?
1.	Further study characteristics of the ACL and ACL injury
risk in oral contraceptive users. The type of contraceptive
should be documented, and both the endogenous and exogenous levels of sex hormones examined.
2.	In future analyses, there is a need to focus more on individual results, rather than mean values as there is much
variability in individual menstrual cycle characteristics.
3.	Develop improved methods of measuring individual hormone profiles, need to test more subjects, need to verify
phases of the cycle with some levels of hormones, need to
consider all relevant hormones to include estrogen, progesterone, and possibly others.
4.	Define the mechanisms by which sex hormones mediate
gender-specific differences in collagen remodeling and
ACL strength.
5.	Develop precise methods of measuring hormone profiles
across all phases of the menstrual cycle in conjunction
with objective indices of neuromuscular control. t

HORMONAL FACTORS

REFERENCES

What We Know

1.	Arendt EA, Bershadsky B, Agel J. Periodicity of noncontact anterior cruciate ligament injuries during the menstrual cycle. J Gend Specif Med.
2002;5:19-26.
2.	Deie M, Sakamaki Y, Sumen Y, Urabe Y, Ikuta Y. Anterior knee laxity in young women varies with their menstrual cycle. Int Orthop.
2002;26:154-156.
3.	Fleming BC, Beynnon BD, Nichols CE, Johnson RJ, Pope MH. An in vivo
comparison of anterior tibial translation and strain in the anteromedial
band of the anterior cruciate ligament. J Biomech. 1993;26:51-58.
4.	Heitz NA, Eisenman PA, Beck CL, Walker JA. Hormonal Changes Throughout the Menstrual Cycle and Increased Anterior Cruciate Ligament Laxity
in Females. J Athl Train. 1999;34:144-149.
5.	Liu SH, al-Shaikh R, Panossian V, et al. Primary immunolocalization of
estrogen and progesterone target cells in the human anterior cruciate
ligament. J Orthop Res. 1996;14:526-533.
6.	Liu SH, Al-Shaikh RA, Panossian V, Finerman GA, Lane JM. Estrogen
affects the cellular metabolism of the anterior cruciate ligament. A
potential explanation for female athletic injury. Am J Sports Med.
1997;25:704-709.
7.	Lovering RM, Romani WA. Effect of testosterone on the female anterior
cruciate ligament. Am J Physiol Regul Integr Comp Physiol. 2005;289:
R15-22.
8.	Martineau PA, Al-Jassir F, Lenczner E, Burman ML. Effect of the
oral contraceptive pill on ligamentous laxity. Clin J Sport Med.
2004;14:281-286.
9.	Rau MD, Renouf D, Benfield D, et al. Examination of the failure proper-

1.	The mechanical and molecular properties of the ACL are
likely influenced by, not only estrogen, but by the interaction of several sex hormones, secondary messengers,
remodeling proteins, and stresses.7,10,11,13,16,19,20
2.	There is a time dependency effect for sex hormones and
other remodeling agents to influence a change in ACL
tissue characteristics.7,11
3.	There are receptors for estrogen and testosterone in the
anterior cruciate ligament.6,7

What We Don’t Know
1.	How do ACL injury rates vary in women using oral
contraceptives?
2.	Do sex hormones have effects on different types of tissues
(eg, muscle, tendons etc.) that can also increase injury
risk?
3.	What are the interactions between mechanical stress,
hormones, and altered ACL structure?
4.	What are the ACL injury risks in women with abnormal
menstrual cycles?
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ACL Injuries: Do We Know the
Mechanisms?

I

njuries of the anterior cruciate ligament (ACL) remain a frequent occurrence in many
sports activities. Recent research has identified risk factors, and prevention strategies are
being developed based on these findings. There is, however, still a limited understanding
of the actual injury mechanisms. In this presentation we will review the current knowledge
on ACL injury mechanisms, and identify needs and opportunities for further research.
Risk Factors and Prevention
Inspired by the well-known gender difference in ACL injury risk, numerous studies were designed to test for gender
differences in anatomical and neuromuscular variables that
have been proposed as risk factors. Some of the key anatomical findings were that females have a smaller intercondylar
notch, smaller ACL, lower muscle strength.1 In movement
analysis studies, it was found that females perform sports
movements with less knee flexion and more knee valgus.13
As there are many gender differences in anatomy and neuromuscular control that are not related to ACL injury, conclusions from these studies often rely less on the data than on a
good prior understanding of ACL injury mechanisms.
Stronger study designs are obtained when proposed risk
factors are correlated to actual injury risk within athletes of
the same gender. Key risk factors identified by these studies were: joint laxity, intercondylar notch width, body mass
index,12 maximal knee flexion during landing, and initial and
maximal knee valgus.5 Before incorporating these findings
into prevention programs, some caution is advised. Statistical analysis will detect association, not necessarily causation.
Unless we understand the mechanism of injury well, we do
not know whether an abnormal movement pattern, found to
be associated with ACL injury risk, might in fact be a desir1

able neuromuscular adaptation of the athlete to compensate
for an intrinsic risk, such as abnormal joint laxity.

Injury Mechanisms
A proper understanding of injury mechanisms requires 2
components: (1) failure load for the tissue or structure, and
(2) the load placed upon the tissue or structure during the
movements of interest.
The sagittal plane injury mechanism is well understood.
About 2000 N of force is required to tear the ACL. In the sagittal plane, ACL force is nearly equal to the anterior drawer
force acting on the tibia, and hence, we typically use 2000 N
of anterior load as an injury criterion for the sagittal plane
mechanism. The main contributor to this anterior force
is the patellar tendon, especially near full extension. This
quadriceps-induced anterior drawer force is counteracted
by the hamstrings, and by the ground reaction force (except
in skiing). This injury mechanism was theoretically known
but only recently demonstrated in a cadaver model.2 In vivo
experiments are not possible, but forward dynamic computer simulation is an increasingly viable alternative. Such
simulations have demonstrated that the sagittal plane injury
mechanism can occur in skiing4 but not in cutting, landing,
and pivoting movements.6 These findings can be explained
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by the dynamic relationships between musculoskeletal forces
and movements during sports activities.
Observations of ACL injury events often suggest that there
is substantial nonsagittal loading, such as valgus and rotational moments.8 There is limited knowledge of their impact
on ACL injury. Early cadaver experiments showed that injury
can occur at 125 to 210 Nm of valgus torque or 35 to 80 Nm
of internal rotation torque,11 but there is no comparable data
on more complex loading conditions. During isolated ACL
injuries, external rotation and valgus are often seen in combination, and this is counterintuitive to the understanding that
the ACL is only loaded during internal rotation. This particular injury mechanism may be related to impingement of the
ACL on the lateral wall of the intercondylar notch, as recently
shown by Fung et al.3 A narrow notch and lax knee would
directly contribute to this mechanism. A complicating factor
in cadaveric models is that knee joint loading is described by
6 independent variables and a full understanding requires
systematic exploration of a large number of load combinations. Such cadaveric studies have been done, to some extent,
in subfailure conditions, but extrapolation to much higher
injurious loads may not be feasible. Direct observation of
ACL failure can only be done once in each specimen, and
this has rarely been done, with some exceptions.1,11 There is
limited knowledge of valgus loading during sports activities.
In laboratory studies, valgus moments typically remain well
below injury levels.7 In forward dynamic computer simulations, random variations in neuromuscular control can cause
valgus moments to rise above injurious levels.6 These simulations also demonstrated that females have a higher probability of excessive valgus loading than males.

Computational Modeling
Forward dynamics models have provided a basic understanding of injury mechanisms but are still limited in their
ability to fully represent the effects of musculoskeletal dynamics on ACL injuries. Because of limitations in computer
speed, only 1 limb was modeled, the knee was represented
by a hinge, the foot is rigid.6 A next generation of movement
simulations should overcome these limitations.
The limitations of cadaveric injury models can be overcome by further development of computational joint models.
Generic models already exist and have been used to simulate
ACL reconstruction techniques9 and ACL loading during
noninjurious movements,10 but not to simulate ACL injury
events. Once validated against cadaveric experiments, these

computational models can be injured again and again until
the mechanisms are understood. Computational joint models can eventually incorporate subject-specific joint geometry
and tissue properties, and can become a tool for evaluation
of the intrinsic risk factors. The long-term goal can be that a
personalized strategy is developed in which neuromuscular
factors and protective equipment are designed for an individual athlete to eliminate injury risk with consideration of
their intrinsic risk factors and with minimal impact on sports
performance. t

REFERENCES
1.	Anderson AF, Dome DC, Gautam S, Awh MH, Rennirt GW. Correlation of anthropometric measurements, strength, anterior cruciate ligament size, and
intercondylar notch characteristics to sex differences in anterior cruciate ligament tear rates. Am J Sports Med. 2001;29:58-66.
2.	DeMorat G, Weinhold P, Blackburn T, Chudik S, Garrett W. Aggressive quadriceps loading can induce noncontact anterior cruciate ligament injury. Am J
Sports Med. 2004;32:477-483.
3.	Fung DT, Zhang LQ. Modeling of ACL impingement against the intercondylar
notch. Clin Biomech (Bristol, Avon). 2003;18:933-941.
4.	Gerritsen KG, Nachbauer W, van den Bogert AJ. Computer simulation of
landing movement in downhill skiing: anterior cruciate ligament injuries. J
Biomech. 1996;29:845-854.
5.	Hewett TE, Myer GD, Ford KR, et al. Biomechanical measures of neuromuscular control and valgus loading of the knee predict anterior cruciate ligament injury risk in female athletes: a prospective study. Am J Sports Med.
2005;33:492-501.
6.	McLean SG, Huang X, Su A, Van Den Bogert AJ. Sagittal plane biomechanics
cannot injure the ACL during sidestep cutting. Clin Biomech (Bristol, Avon).
2004;19:828-838.
7.	McLean SG, Huang X, van den Bogert AJ. Association between lower extremity posture at contact and peak knee valgus moment during sidestepping:
implications for ACL injury. Clin Biomech (Bristol, Avon). 2005;20:863-870.
8.	Olsen OE, Myklebust G, Engebretsen L, Bahr R. Injury mechanisms for anterior
cruciate ligament injuries in team handball: a systematic video analysis. Am
J Sports Med. 2004;32:1002-1012.
9.	Pena E, Calvo B, Martinez MA, Palanca D, Doblare M. Influence of the tunnel
angle in ACL reconstructions on the biomechanics of the knee joint. Clin
Biomech (Bristol, Avon). 2006;21:508-516.
10.	Pollard CD, Davis IM, Hamill J. Influence of gender on hip and knee mechanics during a randomly cued cutting maneuver. Clin Biomech (Bristol, Avon).
2004;19:1022-1031.
11.	Seering WP, Piziali RL, Nagel DA, Schurman DJ. The function of the primary ligaments of the knee in varus-valgus and axial rotation. J Biomech.
1980;13:785-794.
12.	Uhorchak JM, Scoville CR, Williams GN, Arciero RA, St Pierre P, Taylor DC. Risk
factors associated with noncontact injury of the anterior cruciate ligament: a
prospective four-year evaluation of 859 West Point cadets. Am J Sports Med.
2003;31:831-842.
13.	Yu B, McClure SB, Onate JA, Guskiewicz KM, Kirkendall DT, Garrett WE. Age
and gender effects on lower extremity kinematics of youth soccer players in
a stop-jump task. Am J Sports Med. 2005;33:1356-1364.

ACL Supplement: Keynotes
William E. Garrett, MD, PhD1 • Bing Yu, PhD2

keynote address ii

Anterior Cruciate Ligament Injury
Mechanisms and Risk Factors

T

he research effort to determine risk factors of sustaining noncontact ACL injuries is increasing
as the concerns of increased incidents and cost for treatment, and serious consequences of noncontact ACL injuries are growing. Prospective cohort studies are commonly used epidemiological
research designs for determining risk factors of injuries and diseases, and are being used in
determining risk factors of sustaining noncontact ACL injuries. The results of epidemiological studies
with cohort designs, however, are descriptive in nature and lack cause-and-effect relationship between
identified risk factors and the injury. Without a good understanding of the injury mechanisms, the

risk factors of sustaining noncontact ACL injuries identified
from epidemiological studies could be misinterpreted and lead
to the selection of nonoptimal injury prevention programs.
Current literature shows that proximal tibia anterior shear
force, valgus/varus moment, and internal/external rotation
moments are 3 possible ACL loading mechanisms. Several in
vitro studies demonstrate that proximal tibia anterior shear
force significantly affect ACL loading, while knee valgus, varus, and internal rotation moments have significant effects on
ACL loading only when proximal tibia shear force is applied.
In vitro studies also demonstrate that ACL loading decreases
as knee flexion angle increases. In vivo studies demonstrate
that ACL strain significantly increases as proximal tibia anterior shear force increases under a weight bearing condition
but has essentially no responses to knee valgus, varus, and
external rotation moment loading. These studies suggest that
proximal tibia anterior shear force is the major ACL loading
mechanisms. This indicates that sagittal plane biomechanical
factors such as excessive quadriceps muscle force, small knee
flexion angle, and large posterior ground reaction force may
be major risk factors of sustaining noncontact ACL injuries.
Excessive quadriceps muscle force can result in great pa1

tella tendon force and proximal tibial anterior shear force to
load the ACL. A recent cadaver study shows that a 4500-N
quadriceps muscle force at 20° knee flexion angle can result
in complete or partial ACL tears, and in significant increase
in knee anterior laxity. Small knee flexion angle can increase
ACL loading by increasing patella tendon-tibia shaft angle
and ACL elevation angle. Recent studies demonstrate that
patella tendon-tibia shaft angle and ACL elevation angle increase as knee flexion angle decrease. Increased patella tendon-tibia shaft angle would increase proximal tibia anterior
shears, thus increase ACL loading. Increased ACL elevation
angle increases ACL axial loading with a constant proximal
tibia anterior shear force. Increased peak posterior ground
reaction force increases knee extension moment demand and
quadriceps muscle force. Increased quadriceps muscle force
would increase ACL loading. A recent study demonstrates
that peak ACL loading occurs at peak impact ground reaction forces.
Literature also shows that individuals at high risk of sustaining noncontact ACL injuries have smaller knee flexion
angle during athletic tasks than individuals at low risk do.
Epidemiological studies show that female athletes are at
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higher risk of sustaining noncontact ACL injuries than their
male counterpart do. Recent biomechanical studies demonstrated that female recreational athletes exhibited small
knee flexion angles in running, jumping, and cutting tasks.
Studies also demonstrate that female adolescent athletes had
a sharply increased ACL injury rate after 13 years of age. A
recent biomechanical study showed that female adolescent
soccer players started decreasing their knee flexion angle
during a stop-jump task after 13 years of age. These results
combined together suggest that small knee flexion angle during landing tasks may be a risk factor of sustaining noncontact ACL injuries.
Literature shows that individuals at a high risk of sustaining noncontact ACL injuries have greater peak posterior ground reaction forces in athletic tasks. Recent studies
showed that female recreational athletes had greater peak
impact posterior ground reaction force, peak resultant proximal tibia anterior shear force, and peak knee joint resultant
extension moment during landings of stop jump tasks than
did male recreational athletes. The resultant peak proximal
tibia anterior shear force was positively correlated to the peak
posterior ground reaction force, and ACL loading.
A recent epidemiological study revealed an association of
knee valgus moment loading with ACL injuries. The interpretation of this association, however, needs to be cautious. The
literature demonstrates that knee valgus moment loading
does not significantly affect ACL loading unless a significant
proximal tibia anterior shear force is applied. The literature
also demonstrates that the cruciate ligaments are not major
knee valgus-varus moment bearing structure when the collateral ligaments are intact. The literature further demonstrates
that it would be unlikely to have a complete ACL rupture
due to knee valgus moment loading alone without a complete MCL rupture. Future studies are needed to understand
the roles of nonsagittal plane biomechanics in ACL injury
mechanisms and risk factors. t
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Abstracts
KINEMATIC AND KINETIC DIFFERENCES BETWEEN MALE AND FEMALE
SOCCER PLAYERS
McKean K, Landry S, Hubley-Kozey C, Deluzio K, Stanish W
School of Biomedical Engineering, School of Physiotherapy, Dalhousie
University, Halifax, Canada; Department of Surgery, Division of Orthopaedics, Dalhousie University, Halifax, Canada
Introduction: Anterior cruciate ligament injuries occur 2 to 8 times
more often in females than males.1,2 Over 70% of these injuries occur
in a noncontact situation including cutting, pivoting, and landing from
a jump.3 The purpose of this study was to detect differences in kinetics
and kinematics during cutting maneuvers that may contribute to this
gender predisposition.
Methods: Twenty elite male and 20 elite female soccer players between
the ages of 14 to 18 years underwent a complete 3-D kinematic, kinetic,
and electomyographic (EMG) analysis of the lower limb during unanticipated running and cutting maneuvers. Hip, knee, and ankle angles and
moments were collected during the stance phase of each maneuver. Subjects were instructed to run down the walkway of the lab at 3.5  0.2 m/
s. Just prior to their right foot landing on the force plate, a light system
randomly directed the individuals to either (1) cut to the left (side-cut),
(2) continue running straight, or (3) cut to the right (cross-cut) until 5
successful trials were obtained for each direction. All cutting maneuvers
were made at a 45° to 60° angle. The kinematic and kinetic waveforms
for the entire stance phase of each task were analyzed using principal
component analysis.4
Results: There was no significant difference between males and females in age, body mass index (BMI), years of soccer experience, or
speed of the cutting maneuvers. However, the males were significantly taller and heavier than the females (P,.01). For the cross-cut and
side-cut conditions females exhibited less hip flexion than males (P =
.01). In the cross-cut maneuver females exhibited a larger knee adduction moment (P = .03) than males. When the moments were normalized to both body mass and height the females still exhibited a larger knee adduction moment than males. However, using an ANCOVA
model with height and weight as covariates height was significantly
related to the adduction moment (P = .02) and weight was borderline
significant (P = .06). Athletes that were taller and heavier had a smaller knee adduction moment.
Discussion: Anthropometric differences between males and females
help explain some of the biomechanical differences between the 2
groups during cutting maneuvers. It has been hypothesized by others that young athletes may exhibit altered biomechanics during maturation due to increased limb growth without adequate neuromuscular development. 5 While this is a hypothesis at this point we have
found biomechanical differences that are affected by anthropometric differences between male and female soccer players at a high
risk age.

Conclusions: Kinematic and kinetic differences exist between males and
females during cutting maneuvers. Females cut with less hip flexion. Females also exhibit a larger knee adduction moment both when normalized to body mass and body mass times height. This difference was not
due to gender alone, but was influenced by differences in height and
weight between the groups.
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LOADING CHARACTERISTICS OF FEMALES WHO EXHIBIT EXCESSIVE VALGUS MOMENTS DURING SIDE-STEP CUTTING

Sigward SM, Powers CM
Musculoskeletal Biomechanics Research Laboratory, Department of
Biokinesiology and Physical Therapy, University of Southern California,
Los Angles, CA
Introduction: Although excessive knee valgus moments are considered
a risk factor for non contact anterior cruciate ligament (ACL) injuries
in female athletes, little is known about the biomechanical factors that
contribute to this loading pattern. The purpose of this study was to compare lower extremity kinematics, foot position, and ground reaction forces (GRF) between female soccer players who demonstrate normal frontal
plane moments with those who demonstrate excessive frontal plane moments at the knee during a cutting task.
Methods: Sixty-one female soccer players between the ages of 14 and 18,
with no history of ACL injury, participated. Each performed a side-step
cutting maneuver at a speed of 5.5 to 7.0 m/s by planting their right foot
and changing direction to the left at a 45° angle. Anthropometric data,
3-D knee kinematics (6 camera, VICON Motion System, 120 Hz), and
ground reaction forces (AMTI force plate, 2400 Hz) were used to calculate frontal plane moments at the knee (inverse dynamics equations).
Peak knee frontal plane moments during the early deceleration phase of
the cut cycle (0%-20%) were used to place subjects into normal and excessive valgus moment groups. The definition of excessive valgus moments was based on previous work in our laboratory evaluating male collegiate soccer players performing the same side-step cutting task. Females
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Figure 1. (Sigward and Powers)

ing strategy than those who exhibit normal knee frontal plane moments.
While it is not known why a particular strategy would be chosen, it is apparent that these patterns differ in their effect on the knee joint. For example, after accounting for the forces and moments acting at the foot
segment, a laterally directed GRF would impose a laterally directed intersegmental force at the distal tibia (Figure 1). In addition, the combination of greater degrees of hip abduction and internal rotation would
position the center of pressure further from the center of mass of the tibia thereby creating a larger moment arm for the vertical intersegmental force at the distal tibia (Figure 2). Together, a large laterally directed
ground reaction force and increased hip abduction and internal rotation would create a greater valgus moment about the center of mass of
the tibia.
Conclusions: These results provide insight into potentially injurious
loading strategies and support the premise that interventions designed
to encourage loading of the lower extremity in a more neutral alignment
may work to decrease frontal plane loading at the knee.
GENDER DIFFERENCES IN KNEE JOINT TORSIONAL STIFFNESS DURING A SIDE-STEP
CUTTING MANEUVER

Pollard CD, Sigward SM, Powers CM
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Figure 2. (Sigward and Powers)

who exhibited a valgus knee moment that was greater than 2 standard
deviations from the average male frontal plane moment of 0.006  0.3
Nm/kg were placed in the excessive valgus moment group. Females with
a knee valgus moment below the 2-standard deviation threshold were
placed in the normal group. Average hip and knee angles in all 3 planes,
foot progression angle, and peak anterior /posterior, medial/lateral, and
vertical GRFs were identified during the first 20% of the cut cycle. To determine if these variables differed between groups independent samples
t test were performed.
Results: The average valgus moment for the excessive valgus moment
group was 1.2  0.4 Nm/kg as compared to 0.2  0.2 Nm/kg for the
normal frontal plane moment group (P,.001). The subjects with excessive valgus moments demonstrated an initial loading pattern that
included greater laterally directed ground reaction forces (P,.01), increased hip abduction (P = .02), increased hip internal rotation (P =
.01), and a more internally rotated foot progression angle (P = .04).
Discussion: Our results illustrate that the female athletes who exhibit
excessive knee valgus moments during the early deceleration phase of
a side-step cutting maneuver utilize a different lower extremity load-

Musculoskeletal Biomechanics Research Laboratory, University of Southern California, Los Angeles, CA
Introduction: Female athletes participating in cutting and jumping
sports have been reported to have a 4 to 6 times greater chance of tearing
their anterior cruciate ligament (ACL) than their male counterparts.1 Numerous investigators have attributed this increased incidence of injury in
females to gender differences in lower extremity mechanics. The majority of these studies have examined gender differences in knee joint kinematics, joint moments, or muscle activation patterns. It has recently been
suggested that decreased leg or knee stiffness may contribute to ACL and
other soft tissue injuries.3,4 Because it is known that noncontact ACL injury often occurs as an athlete is decelerating and/or changing direction,2
it may be important to better understand gender differences in knee joint
stiffness during such an activity. Therefore, the purpose of this study was
to investigate gender differences in sagittal knee joint torsional stiffness
during the initial loading phase of a side-step cutting maneuver.
Methods: Participants consisted of 15 female and 15 male collegiate soccer players that were NCAA Division I or II athletes. All were healthy
with no current complaints of lower extremity injury. Subjects were instructed to run 5 meters at a speed of 5.5 to 7.0 m/s before contacting
their right foot on the force plate and then change direction to the left.
Cones placed at 35° and 55° from the original direction of progression
were used to direct the subjects to cut at an angle of 45°. Approach speed
was calculated with the use of a photoelectric switch and force plate contact. Subjects completed 4 successful trials of the cutting maneuver. Vicon Clinical Manager software was used to quantify knee joint angles
and moments in the sagittal plane. All kinetic data were normalized to
body mass and net joint moments were calculated with standard inverse
dynamics equations. The angle and moment data were linearly interpolated to 101 data points with each point representing 1% of the stance
phase (0%-100%). The average knee joint torsional stiffness was determined by calculating the slope of a regression line through the knee joint
moment versus knee joint angle data during the initial loading phase
(Figure 1).3 The initial loading phase was defined as the time from heel
strike to peak sagittal knee joint moment. Independent t tests were used
to test for significant differences in knee joint torsional stiffness between
males and females as well as average knee flexion and knee extensor moments during a side-step cutting maneuver (P<.05).
Results: Females exhibited significantly decreased knee joint torsional
stiffness (7.01 Nm/deg) as compared to males (9.36 Nm/deg) during the
loading phase of the side-step cutting maneuver (P = .039) (Figure 2).
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ASSOCIATIONS BETWEEN PLANNING TIME AND KINETIC VARIABLES DURING AN
UNEXPECTED CUT TASKS
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Figure 1. Example of knee torsional stiffness calculation (exemplar data taken from 1
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Ithaca College, Rochester Campus, Rochester, NY; University of Rochester
Medical Center, Department of Orthopedics Rochester, NY
Introduction: During sports play quick movements such as cut tasks are
believed to place athletes at risk. Motor control responses to cued adjustments in direction influence neuromuscular control. Specific neuromuscular control strategies associated with cued adjustments may lead
to greater risk of anterior cruciate injury.1,2 In previous analyses, online
adjustments during an unexpected walking cut task led to a shift in the
knee moments toward adduction2 and greater plantar flexors moments.3
This analysis examines the relationship between changes in knee kinetic
variables (Table) due to anticipation and planning time during an unexpected walking cut task.

Correlations of Selected Variables
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Figure 2. Males exhibited significantly greater knee joint stiffness than females.

There were no significant differences in average knee flexion angles or
knee extensor moments during the loading phase of cutting.
Discussion: Our results support the premise that gender differences in sagittal knee joint torsional stiffness exist during the performance of a sidestep cutting maneuver. These findings are similar to those of Granata et al
(2002) who reported that females exhibited significantly lower leg stiffness during a hopping task when compared to males. Interestingly, the
focus of ACL injury prevention programs contradicts this concept in that
females are taught “soft” landing techniques (ie, decreasing lower extremity stiffness). At this time it remains unclear how decreased stiffness could
predispose females to soft tissue injury; particularly in the current study
where there were no group differences in average knee flexion angles or extensor moments. However, because of the gender disparity in ACL injury,
the results of this investigation combined with previous work4 suggest that
sagittal knee joint torsional stiffness may be an underlying factor related to
the increased incidence of ACL injury in female athletes.
Conclusions: In summary, the concept that increased knee joint stiffness
exhibited by males during the side-step cutting maneuver serves to protect the soft tissues of the knee joint, including the ACL, needs to be further explored. In addition, future investigations are needed to examine
the influence of successful intervention programs on knee joint stiffness.
REFERENCES:
1. Arendt E, Dick R. Knee injury patterns among men and women in collegiate
basketball and soccer. NCAA data and review of literature. Am J Sports Med.
1995;23:694-701.
2. Boden BP, Dean GS, Feagin JA, Jr., Garrett WE, Jr. Mechanisms of anterior cruciate
ligament injury. Orthopedics. 2000;23:573-578.
3. Butler RJ, Crowell HP, 3rd, Davis IM. Lower extremity stiffness: implications for performance and injury. Clin Biomech (Bristol, Avon). 2003;18:511-517.
4. Granata KP, Wilson SE, Padua DA. Gender differences in active musculoskeletal
stiffness. Part I. Quantification in controlled measurements of knee joint dynamics.
J Electromyogr Kinesiol. 2002;12:119-126.

Methods: Twenty healthy subjects (22.6  5.5 years old, 172.8  9.0 cm,
and 71.9  14.3 kg) participated in this study. Data were collected using an Optotrak Motion Analysis System (Northern Digital, Inc) and
force plate (Kistler) integrated with Motion Monitor Software (Innsport
Training, Inc) to generate kinetic variables. Position data were sampled
at 100 Hz and force and analogue data at 1000 Hz. Each testing session included expected tasks, straight walking (ST), and 45° side-step
cut (SS), followed by a set of unexpected straight walking (STU) and unexpected side-step cut (SSU) tasks in a random order. For all tasks speed
was maintained at 2 m/s. To assess the change due to anticipation, the
difference between peak variables of the SS and SSU task (SS-SSU) were
calculated. Planning time is defined in Figure 1. Relationships between
the change in kinetic variables (Table) and planning time were examined
using SPSS 10.0.
Results: See Table.
Discussion: The findings of this analysis suggest that planning time is moderately correlated with frontal and transverse plane but not sagittal plane
1600
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Figure 1. Subjects went straight or cut when given a visual cue to turn. Planning time
was the interval between an analogue signal synchronized with the light cue and initial
contact determined from the ground reaction force data.
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Figure 2. The relationship between planning time and the change in peak abduction
moments (SS-SSU) is shown.

moments during early stance (Table). Near initial contact the shorter the
planning time the greater the shift in the knee moment toward abduction
(Figure 2) and internal rotation. After foot flat the shorter the planning
time the greater the shift in the knee moment toward adduction. Because
a shift in the knee moment toward adduction is an identified component
of ACL injuries, planning time may significantly influence ACL injury risk.
Faster approach speeds may yield different correlations. These data suggest how a slow speed task may contribute to ACL injury risk.
Conclusion: A component of the neuromuscular control strategy employed to make a quick adjustment may contribute to ACL risk.
Acknowledgements: Support from the Whitaker Foundation
(RG-02-0645).
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LOWER EXTREMITY ENERGETICS DIFFER BY SEX DURING SINGLE-LEG
LANDINGS
Schmitz RJ, Kulas AS, Perrin DH, Riemann BL, Shultz SJ
University of North Carolina at Greensboro, Greensboro, NC; East Carolina University, Greenville, NC; Georgia Southern University, Statesboro,
GA
Introduction: Biomechanical strategies that serve to decelerate the body
in the vertical direction have been implicated as contributing to ACL injury. Investigations of energy dissipation strategies during landing may
provide insight into the global strategies that males and females use to
control the body’s momentum. We examined sex differences in hip, knee,
and ankle energy dissipation during single-leg landings.
Methods: Recreationally active males (n = 14, 23.9  6.3 years, 79.0 
16.2 kg, 181.5  9.6 cm) and females (n = 14, 22.5  3.8 years, 53.5  5.6
kg, 164.5  7.6 cm) completed 5 single-leg landings from a 0.3 m height
onto a force platform while 3-dimensional kinematics and kinetics were
simultaneously collected. Using an inverse dynamics analysis, net joint
powers were calculated. To represent the eccentric work by each joint
complex, the negative portion of the joint power curve was integrated
and normalized to body weight. Total energy absorption was then calculated by summing the normalized hip, knee, and ankle values. Relative
hip, knee, and ankle eccentric work were calculated as a percentage of
their respective value to total eccentric work (hip+knee+ankle). Sex dif-

ferences in absolute and relative joint energy dissipation were analyzed
with 2 (sex) × 3 (joint) ANOVAs. Sex difference in total absolute joint energy dissipation was analyzed with an independent t test.
Results: Compared to males, females exhibited (1) less total lower body
energy dissipation –32.3  9.5 J·N–1×10–2 versus –24.7  8.1 J·N–1×10–2
(P,.05); and (2) a greater percentage of relative eccentric work at the
ankle 78.2%  12.9% versus 88.3%  12.3% (P,.05). There was also
a main effect for relative joint eccentric work with the ankle joint dissipating significantly more energy (83.2%) than the hip (12.9%) or knee
(5.7%) (P,.05).
Discussion: The observed sex differences in energetics support the notion
that females perform less eccentric work per unit of bodyweight during
landing and utilize an even greater ankle dominant strategy than males
to attenuate the vertical ground reaction impulse. In both males and females, the hip and knee joints dissipated less of the relative total energy
when compared to the ankle. These findings may be due to the fact that
in a single leg landing the body adopts a tactic to attenuate the impact
distally, thereby decreasing the mechanical energy demands on the more
proximal joints. The hip and knee joint extensor musculature may do
less eccentric work because of their need to quickly stiffen to contribute
to postural control of the more proximal segments (ie, head, arms, and
trunk), whereas the distal musculature (ie, gastrocnemius and soleus),
serves to attenuate the vertical ground reaction impulses.
Conclusions: Although sex differences in landing energetics exist, the influence of these differences on the disparate rate of ACL injury in males
and females requires further study. Future studies aimed at studying the
relationships between the biomechanics measured during functional
tasks and the in vivo ACL biomechanics (ie, strain) could provide the research community with better information with which to interpret sex
differences in biomechanics.

EFFECT OF CONDITION, EXECUTING A CUTTING MANEUVER OR
REMAINING STATIONARY AFTER LANDING, AND GENDER ON LANDING
KINEMATICS
Shapiro R, Buhr J, Hanaki S
Department of Kinesiology and Health Promotion, University of Kentucky, Lexington, KY
Introduction: Many researchers have investigated the significantly higher incidence rate of noncontact ACL injuries in female athletes than
males.1,2,3 Cutting and landing from a jump are most often identified as
the activities at the time of injury. Consequently, investigators have tried
to recreate these activities in an effort to define the injury mechanism
and deduce factors that cause the injury rate difference between males
and females. It has become apparent that a simple drop landing activity
does not adequately reproduce an authentic sport motion. The purposes of this study was to attempt to recreate a landing condition that more
closely resembled that seen in sport competition and evaluate landing kinematics. In this study landing and cutting were combined into a single
event, more closely simulating motions seen in basketball, volleyball, and
soccer and then compared with a typical drop landing.
Methods: Healthy, male (n, 22; age, 23  1.4 years; weight, 745  100 N;
height, 1.76  0.05 m) and female (n, 23; age, 22.4  1.5 years; weight,
600  69.8 N; height, 1.65  0.06 m) subjects participated in this study.
Six Falcon high-speed cameras (120 Hz) imaged subjects marked with
reflective markers. Motion Analysis Corp. EVa software was utilized to
obtain marker object-space coordinates. Subjects were instructed to land
from a 60 cm platform and cut right, left or remain stationary after impact. The direction of cut was provided immediately prior to the subject
leaving the platform. The Table provides a list of dependent variables.
Three-dimensional kinematic variables were calculated using Visual3D (C-Motion, Inc) software. t tests, P,.05, were used in this preliminary
analysis to compare the groups.
Results and Discussion: Only kinematic data from the right leg (dominant leg in 44 of 45 subjects) for the land and right cut maneuver are re-
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Right Leg Hip and Knee Angles (SD) at Impact and Maximum Range*
Males
Variable

Females

Cut

No Cut

24.7 (9.8)*

22.1 (7.3)*

Cut

No Cut

P<.05

Angle at impact (mean 6 SD deg)
Knee flexion

23.8 (7.4)ª

21.5 (6.6)ª

*,a

Knee adduction

3.6 (6.0)*

1.5 (4.8)*

0.3 (6.4)ª

–2.7 (4.8)ª

*,a,b

Knee internal rotation

–7.4 (10.2)*

0.1 (5.9)*

–9.6 (10.6)ª

–2.8 (6.1)ª

*,a

,b

,b

Hip flexion

20.6 (15.8)*

23.4 (14.9)*

22.4 (13.8)

20.3 (11.9)

*

Hip adduction

–15.0 (8.6)*,a

–10.5 (7.2)*,b

–7.8 (6.8)ª

–5.9 (6.0)b

*,a,b

Hip internal rotation

–17.3 (8.7)

–15.7 (7.7)

–14.8 (9.9)

–12.8 (7.8)

Maximum or minimum angle after impact (mean 6 SD deg)
Knee flexion

97.0 (7.7)*,b

83.4 (8.6)*

83.6 (11.2)a,b

79.3 (6.5)a

*,a,b

Knee adduction

–7.4 (8.6)a

–8.3 (6.9)b

–12.8 (8.3)*,a

–14.3 (9.1)*,b

*,a,b

Knee internal rotation

4.3 (6.2)*

9.4 (5.1)*

3.3 (5.9)

6.6 (5.6)

*,a

Hip flexion

63.8 (16.9)*

55.0 (20.8)*

58.3 (16.8)a

52.3 (17.4)a

*,a

Hip adduction

–3.8 (8.1)

–4.7 (6.6)

–0.9 (5.9)

–1.5 (7.1)

Hip internal rotation

–4.5 (7.9)

–5.2 (8.3)

–5.5 (9.7)

–4.1 (8.3)

a

a

* Knee Flexion +, Knee Adduction +, Knee Internal Rotation +, Hip Flexion +, Hip Adduction +, Hip Internal Rotation +

ported here (Table). Both males and females landed in greater knee flexion in the cut condition. Males had greater maximum knee flexion and
range of motion than the females in the cut condition. Females demonstrated greater maximum knee abduction than males in both conditions.
Both groups were more externally rotated at the knee at impact in the cut
condition. Males and females reached greater hip flexion in the cut condition compared to the no-cut conditions. Males were more abducted at
the hip at landing in both conditions. No differences were observed for
hip internal/external rotation.
Conclusions: Differences were observed in all 3 planes of motion when a
cut was introduced after the landing. Differences were also observed between males and females in their responses to the no cut and cut conditions. The inclusion of more game-like situations in studies needs to be
considered. Further investigation as the “impact” of these differences on
potential injury including joint kinetic and neuromuscular factors needs
to be evaluated.
REFERENCES:
1. Ford KR, Myer GD, Hewett TE. Valgus knee motion during landing in high school female and male basketball players. Med Sci Sports Exerc. 2003;35:1745-1750.
2. Pollard CD, Davis IM, Hamill J. Influence of gender on hip and knee mechanics during a randomly cued cutting maneuver. Clin Biomech (Bristol, Avon).
2004;19:1022-1031.
3. Fagenbaum R, Darling WG. Jump landing strategies in male and female college
athletes and the implications of such strategies for anterior cruciate ligament injury. Am J Sports Med. 2003;31:233-240.

GENDER DIFFERENCES IN LANDING USING FUNCTIONAL VERSUS
NONFUNCTIONAL TASKS
Swartz EE, Metivier SJ, Decoster LC
Musculoskeletal Institute, University of New Hampshire, Durham, New
Hampshire, NH
Introduction: Previous research involving gender comparison of knee
biomechanics during landing has used both functional (ie, vertical jump)
and non functional (ie, drop landing) tasks, with conflicting results. The

purpose of this study was to identify whether gender comparisons in lower extremity landing biomechanics would differ between 2 landing tasks.
Methods: Subjects performed counterbalanced trials of a vertical drop
landing (DL) (61 cm platform) and a vertical jump (VJ) landing (suspended target set at 80% of their maximum VJ). Subjects were instructed to land with their dominant foot on a force plate (AMTI Watertown,
MA) imbedded into the biomechanics laboratory floor. Kinematic data
from 14 retroreflective markers placed on the dominant leg were collected using a 6 camera, 3-dimensional motion capture system (Motion
Analysis, Inc, Santa Rosa, CA). Initial contact was determined from the
vertical ground reaction force data. Trial data collection for video and
ground reaction forces was set at 3 seconds and was initiated and simultaneously controlled through an external trigger. Data were processed
and stored (Eva software version 6.01; Motion Analysis, Inc) and analyzed using the Kintrak software package (version 6.2 Motion Analysis, Inc). A 2 × 2 gender (male, female) by landing task (DL, VJ) repeated-measures design was used for the study. Twenty-eight recreationally
active subjects (14 male, age 23.2  2.9 years, height 176.3  5.3 cm,
weight 80.7 9.5 kg, VJ 60.4 8.5 cm; 14 female, age 21.5  2.4 years,
height 165.8  7.1 cm, weight 65.8  11.7 kg, VJ 40.0 6.7 cm) with no
history of significant knee injury. Average maximum knee flexion (MKF)
angles from 4 to 6 successful trials for each subject in each task were analyzed using a 2 × 2 univariate ANOVA with follow-up t tests (P = .05).
Results: A significant overall effect (P = .004) for landing task was detected where MKF angles were greater in the DL (M = 86.7°  14.8°, F
= 99.9°  16.8°) compared to the self initiated VJ (M = 82.8°  15.2°,
F = 79.7°  12.7°). Follow up tests revealed that the women’s MKF angle increased significantly (P = .001) in the DL task. An interaction was
also detected (P = .047), where MKF angles were similar in the VJ between groups, but women had a higher MKF angle compared to men
in the DL.
Discussion: A DL approach to biomechanical analysis has been used often in previous research because it helps control for differences obtained
in varying descent velocities. However, a task based on an individual performance attribute, such as a percentage of a maximal VJ, has also been
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used due to its obvious functional similarities. In this study, the same
analysis variable (MKF) revealed conflicting results in the same 2 groups
of subjects that performed a landing task under 2 different conditions.
This highlights a concern regarding the tasks subjects perform during
biomechanical analyses and may also help explain why results from research utilizing various tasks yield conflicting results.
Conclusions: When landing from a VJ, subjects MKF angles were similar. However, women responded differently to the DL compared to men.
Investigators should consider the appropriateness of the landing task
when deciding on research methodology.

THE INFLUENCE OF A FOOT ORTHOTIC ON LOWER EXTREMITY
TRANSVERSE PLANE KINEMATICS IN COLLEGIATE FEMALE ATHLETES
WITH LARGE NAVICULAR DROP SCORES DURING LANDING
Carcia CR, Drouin JM, Houglum PA
Duquesne University; Slippery Rock University, Slippery Rock, PA
Introduction: Large navicular drop (LND) scores have been associated with both increased foot pronation and medial tibial rotation. As
increased medial tibial rotation heightens anterior cruciate ligament
(ACL) strain, investigators have suggested female athletes with a LND
may be at greater risk for noncontact ACL injury. While a rear-foot medially posted foot orthotic has been shown to decrease medial tibial rotation during walking, its effect during landing in female athletes with
LND scores is unknown. Therefore, the purpose of our study was to compare absolute tibial and relative tibiofemoral rotations in female athletes with LND scores with and without a foot orthotic during 2 landing tasks.
Methods: Using a repeated measures (RM) counterbalanced design, 20
Division I and II female athletes (age, 20.1  1.0 years; height, 169.3 
9.9 cm; mass, 69.7  9.7 kg) with LND scores (mean, 9.6  2.5 mm)
completed 3 trials of a hopping and landing task with and without a
prefabricated foot orthotic. The prefabricated foot orthotic (Interpod,
St Kilda, Australia) was rigid and included a 6° extrinsic rear-foot varus post. Participants performed a single-leg hop at a distance equal to
45% of their height onto the center of a force plate. They also performed
a single-leg landing from a box (height, 25 cm) onto the center of the
force plate. An electromagnetic tracking system measured 3-dimensional
lower extremity kinematics while the force plate identified ground contact. Absolute tibial and relative tibiofemoral rotations were calculated
for each trial. A mean of the 3 trials for both activities and conditions was
used for data analysis. Hop and landing data were analyzed with separate
RM ANOVA with 1 within factor at 2 levels (foot orthotic; no foot orthotic). P values were set a priori at ,.05.
Results: There were no differences in absolute tibial (P = .549) or relative tibiofemoral rotations (P = .893) with or without the foot orthotic
during the landing task. Similarly, no differences in absolute tibial (P =
.161) or relative tibiofemoral rotations (P = .935) were identified during
the hopping task.
Discussion: Results suggest prefabricated orthotics with a 6° rear-foot
varus post do not alter absolute or relative tibiofemoral rotation in female athletes with large navicular drop scores during select single-leg
landing tasks. Several explanations likely account for these findings. It is
possible, the 6° post was simply too small to alter transverse plane tibial kinematics. Additionally, midfoot or forefoot landings would have influenced the potential effects of this type of orthotic. Furthermore, navicular drop is a static measure of foot pronation and may not relate to
active pronation during dynamic activity.
Conclusion: The present study does not support the hypothesis that foot
orthoses alter transverse plane kinematics during landing in female athletes with LND scores. However, additional study investigating other
types of foot orthoses (ie, inverted, forefoot post) on lower extremity kinematics as well as kinetics (ie, tibiofemoral moments) is warranted before firm conclusions can be drawn regarding the influence of this type
of intervention in this population.

EFFECTS OF INCREASED BODY MASS INDEX ON LOWER EXTREMITY
MOTION PATTERNS IN A STOP-JUMP TASK
Brown CN, Yu B, Kirkendall DT, Garrett WE
Center for Human Movement Science, The University of North Carolina,
Chapel Hill, NC
Introduction: Anterior cruciate ligament (ACL) injuries are common in
sports. Altered neuromuscular control has been identified as a possible
risk factor for ACL injury and may be a consequence of increased body
mass index (BMI) and decreased relative strength. The purpose of this
study was to test the effects of increased BMI on lower extremity kinematics and kinetics of male and female recreational athletes performing
a stop-jump task.
Methods: A cross-sectional design was used to test the effects of BMI
on landing patterns. All data were collected in a biomechanics laboratory. A weight vest with 10% of the subject’s body weight evenly distributed around the chest was used to increase BMI and decrease relative
strength. Subjects performed 3 practice and 7 test trials of the stop-jump
task for each of the weighted and nonweighted conditions. The testing
order of conditions was randomized. Twenty college aged recreational
athletes were recruited (10 females, 10 males). Average height, mass, and
age was 1.68  0.06 m, 63.2  7.5 kg, and 22.6  3.8 years for females,
and 1.78  0.06 m, 77.5  9.7 kg, and 22.8  2.4 years for males. A real
time 3-dimensional (3-D) videographic data acquisition system was used
to collect 3-D coordinate data at a sampling rate of 120 frames/second.
Two force plates were used to collect ground reaction force and moment
data at 1200 samples/second. Selected lower extremity motion pattern
measures were reduced from the 3-D videographic and force plate data
including joint angles, moments, and angular velocities for knee and hip
flexion-extension, valgus-varus (abduction-adduction), and internal-external rotation. These variables were identified at initial ground contact
and at their maximum point during the stance phase. Data from the first
3 analyzable trials of each subject were used. Mixed factorial ANOVAs
were performed to compare selected knee and hip kinematics and kinetics between weighted and nonweighted conditions with consideration of
possible gender effects (a = .05).
Results: With increased BMI, subjects exhibited significantly decreased
hip flexion angle (P = .01) and knee flexion angular velocity (P = .01) at
initial ground contact, and increased peak knee extension moment during landing (P = .02). The effects of BMI on other knee and hip motion
pattern measures were not consistent across subjects.
Discussion: Decreasing relative strength by increasing BMI resulted in a
more extended lower extremity position with decreased knee flexion velocity at landing for college aged recreational athletes. Previous studies
have linked extended lower extremity position at landing with ACL injury, therefore increased BMI and decreased relative strength may increase
the risk of ACL injuries.
Conclusions: Decreased relative strength resulted in deleterious changes in landing patterns. Strength training may need to be included in future ACL injury prevention programs. This abstract was presented at the
National Athletic Trainers’ Association Annual Meeting as a Free Communication in Indianapolis, IN, June 2005. Reproduced with permission
from the Journal of Athletic Training. 40(2 Suppl):S32, 2005. ©2005
National Athletic Trainers’ Association, Inc.

LOWER EXTREMITY MOTION PATTERNS IN YOUTH SPORTS CAMP
PARTICIPANTS PERFORMING 5 TYPES OF SPORT-SPECIFIC STOP-JUMP
LANDING TASKS
Oñate JA, Belez AL, Van Lunen BL, Cortes N
Old Dominion University, Norfolk, VA
Introduction: Youth female athletes have a greater risk for incurring anterior cruciate ligament (ACL) injuries as compared to their male counterparts. The purpose of this study was to analyze the differences in knee
kinematics between gender and movement task during the stop-jump
phase of 5 types of jump-landing tasks.
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Methods: Experimental design study conducted during a youth sports

camp in a university biomechanics research lab. Participants performed
5 standardized stop-jump landing task approaches: (1) 3-step, (2) 5-m
run, (3) volleyball block, (4) 33-cm box-drop, and (5) 5-m deceleration
soccer pass and retreat, in a counterbalanced order. Eighteen healthy
males (n = 10, height = 149.0  9.6 cm, weight = 47.6  12.5 kg) and females (n = 8, height = 152.2  9.3 cm, weight = 52.4  15.6 kg) between
the ages of 10 to 12 years old participated in this study. All subjects were
participants in a youth sports program and played a minimum of 1 season of organized basketball, volleyball, or soccer. Two force-plates and
a 3-D electromagnetic tracking system collected kinematics and kinetics data during the tasks. The stop-jump phase, defined as initial ground
contact to maximum knee flexion, was analyzed for each task. The dependent variables measured were knee flexion angle at initial contact
and maximum range of motion, knee valgus (+)/varus (–) angle at initial contact and at maximum knee flexion angle of the preferred stance
leg during the stop-jump phase of each task. Four separate 2 (gender) ×
5 (task) repeated-measures analysis of variance (P<.05) were conducted,
with Tukey post hoc testing used for comparisons.
Results: Significant differences were found between tasks for knee flexion angle at initial contact and knee flexion range of motion (P = .001,
respectively), with no gender differences noted. Individuals performing
the stop-jump phase of a 5-m deceleration soccer pass and retreat landed
with the knee more extended and had less knee flexion range of motion
as compared to their knee position in the other landing tasks. Females
performed each task in a greater knee valgus position at initial ground
contact (P = .038) as compared to their male counterparts who landed in
a varus position. Males landed in a greater knee varus position at maximum knee flexion during the deceleration soccer pass (P = .002) as compared to knee position in the other tasks.
Discussion: The most important finding of this study was that female
youth sports camp participants tended to land in a greater valgus position at initial ground contact as compare to their male counterparts. Additionally, this trend occurred across 5 different types of jump-landing
tasks resulting in consistency of landing techniques regardless of the type
of jump-landing task performed.
Conclusions: This information may have implications in the design of experimental testing strategies to evaluate lower extremity motion patterns
and instructional strategies aimed at reducing ACL injuries in youth athletes. Presented recently at the National Athletic Trainers’ Association
Annual Meeting and Symposia, 2005. Reproduced with permission from
the Journal of Athletic Training. 40(2 Suppl):S20, 2005. ©2005 National Athletic Trainers’ Association, Inc.

DETERMINING THE ACCURACY AND RELIABILITY OF A DIGITAL
PHOTOGRAPHIC-GONIOMETRIC METHOD FOR LOWER EXTREMITY
MEASURES
Moncrieff MJ, Jenkins JL, Livingston LA
Dalhousie University; University of North Carolina-Greensboro, Greensboro, NC
Introduction: Alignment of the lower limb has been studied extensively
as a potential risk factor for ACL injury.1,3,4 Comparison between investigations is difficult, however, as there is little to no agreement in the literature about the characterization of abnormal alignment or the methods of measuring it.2 Therefore, the purpose of this study was to estimate
the accuracy and reliability characteristics of a 2-dimensional (2-D) digital photographic-goniometric measurement instrument, in conjunction
with standardized measurement protocols, for deriving static noninvasive measures of lower limb alignment and segment length.
Methods: Instrumentation accuracy and reliability characteristics were
estimated for goniometric measurements (n = 35) extracted from digital
photographs of markers positioned on a rigid, life-sized planar measurement jig to anatomically simulate the quadriceps (Q) angle, tibiofemoral
(TF) angle, and the distal and proximal ends of the femur. Measurements

were taken from identical sets of photographs, by 2 testers, during 2 independent measurement sessions. Intratester and intertester reliability
characteristics were then established for the same measurements taken
from digital photographs of anatomical markers positioned, using standardized protocols, on human participants (n = 20) by the same 2 testers. Photographs were captured of each individual while adopting 2 different stance positions (ie, self selected, Romberg) during 2 independent
testing sessions with each tester. The testers then derived measurements
from each other’s photographs to distinguish between the error generated by anatomical marker placement versus tester error associated with
manipulation of the goniometer on the photograph.
Results: The digital photographic-goniometric instrumentation method
yielded measurements with extremely high degrees of instrumentation
accuracy (ICC2,1 = 0.97-0.99), intertester reliability (ICC2,1 = 0.98-0.99),
and intratester reliability (ICC2,1 = 0.98-0.99) characteristics from the
2-D measurement jig. For measurements derived from photographs of
markers placed on human participants, the reliability characteristics (ie,
intratester ICC2,1 = 0.458-0.958; intertester ICC2,1 = 0.257-0.944) ranged
from fair to almost perfect, with values for measures of femur length consistently stronger than that of the TF and Q angle, respectively. In general, the reliability of measures derived in the Romberg stance was higher
than those taken in a self-selected stance. Between-tester measurement
differences appeared to be due to differences in anatomical marker placement rather than goniometer manipulation techniques.
Discussion: The digital photographic-goniometric method of measurement yielded almost perfect accuracy and reliability characteristics for
measures derived from the planar measurement jig, and generated fair
to almost perfect reliability characteristics for measures derived from human participants. Higher reliability coefficients were generally associated with measurements derived while participants adopted a standardized stance position, and for those measures requiring the use of fewer
anatomical markers.
Conclusions: The digital photographic-goniometric method of measurement, used in conjunction with standardized measurement protocols,
may yield accurate and reliable 2-D measures of the Q angle, TF angle,
and femur length. The key is to reduce between tester differences in anatomical marker application.
REFERENCES:
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of a two dimensional analysis method as a screening and evaluation tool for anterior cruciate ligament injury. Br J Sports Med. 2005;39:355-362.
2. Murphy DF, Connolly DA, Beynnon BD. Risk factors for lower extremity injury: a review of the literature. Br J Sports Med. 2003;37:13-29.
3. Nyland J, Smith S, Beickman K, Armsey T, Caborn DN. Frontal plane knee angle affects dynamic postural control strategy during unilateral stance. Med Sci Sports
Exerc. 2002;34:1150-1157.
4. Soderman K, Alfredson H, Pietila T, Werner S. Risk factors for leg injuries in female
soccer players: a prospective investigation during one out-door season. Knee Surg
Sports Traumatol Arthrosc. 2001;9:313-321.

RELIABILITY AND VALIDITY OF A 2-D APPROACH TO ASSESSING FRONTAL
PLANE DYNAMIC ALIGNMENT OF THE LOWER EXTREMITY
Earl JE, Monteiro SK, Geiser CF, Alexander PT
University of Wisconsin-Milwaukee, Milwaukee, WI
Introduction: The Sport Motion Analysis Review Tool (SMART) is a
fast, inexpensive, and not technically demanding software package that
is used for basic movement analysis. This could be used in a large prospective study screening the frontal plane lower extremity dynamic alignment of athletes to examine whether or not poor dynamic alignment is
a risk factor for ACL injury. The purpose of this study was to determine
the reliability of the SMART program in assessing frontal plane kinematics, and to determine its validity by comparing it to the gold standard 3D motion analysis system.
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UTILITY OF THE FRONTAL PLANE PROJECTION ANGLE OF THE KNEE
DURING SINGLE LEG SQUATS
Willson JD, Davis I

Reliability and Validity
JUMP LANDING

Valgus Distance

Valgus Angle
.88

ICC1,k between days

.74

ICC2,k between testers

.80

SEM

.02 m

.90
3.6°

Pearson r

–.88

.53

STEPDOWN

Valgus Angle

Pelvis Angle

ICC1,k between days

.95

.85

ICC2,k between testers

.84

.91

1.6°

2.1°

.87

–.01

SEM
Pearson r

Methods: The right leg of 10 female subjects, with no history of significant lower extremity injury was tested. A video camera was positioned
directly in front of the subject and recorded a digital video file for use
with the SMART program. 3-D kinematic data were collected concurrently via a 7-camera high-speed motion analysis system. Data were collected during a jump-landing task (drop off the front of a block, land
with both feet, and immediately perform a maximal vertical jump), and
a stepdown task (stand on your right leg on top of a block, slowly lower
your left foot to tap the floor). Each subject performed 3 repetitions of
each task. Subjects were tested a second time 1 week later. For the jump
landing, the variables were knee valgus angle, and valgus distance (linear distance between the markers on the lateral femoral condyles). ROM
values were determined from foot contact to maximum knee valgus. For
the step-down the variables were knee valgus angle, and hip adduction
angle. ROM values were determined from quiet standing to toe touch.
These variables were obtained from both the SMART program, and via
analysis of the 3-D data. The trials were analyzed separately by 3 researchers. Between day (intratester), and between tester reliability were
calculated using the intraclass correlation coefficient (ICC) statistic. The
precision of the measurements was analyzed using the standard error of
the measurement (SEM). Concurrent validity was calculated using Pearson’s product moment correlation.
Results: The between day reliability was high for all variables (Table).
The SEM values are small, indicating an acceptable amount of measurement error. Pearson’s correlation revealed excellent validity for the valgus angle measure during the step-down and for the valgus distance during the jump.
Discussion: This technique using the SMART program has been found to
be reliable in assessing frontal plane lower extremity alignment both between days and between testers. Though this 2-D approach is attractive
for use in a multisite study because it is inexpensive, portable, and does
not require advanced technical skills to operate, it had not been previously validated to the gold standard 3-D motion analysis. The variables
from the SMART program that are the most valid are the valgus angle
excursion during the step-down, and valgus distance excursion during
the vertical jump. These variables should be considered for use in future
prospective screening studies.
Conclusion: This 2-D approach using the SMART program is an acceptable alternative to 3-D kinematic analysis in assessing frontal plane dynamic alignment. This tool could be used in a large scale, multisite, prospective study examining lower extremity dynamic alignment as a risk
factor for ACL injury. This study was presented at the 2005 GLATA Annual Meeting, Toledo, OH.

Department of Physical Therapy, University of Delaware, Newark, DE;
Drayer Physical Therapy Institute, Hummelstown, PA
Introduction: Abnormal lower extremity mechanics during athletic activities are believed to contribute to the etiology of numerous knee joint
injuries. The single leg squat test is commonly used by practicing clinicians to identify individuals who display such abnormal mechanics.
Presently, due to the restraints of typical clinical settings, analysis of this
test is done qualitatively. However, quantification of a patient’s performance on this test would facilitate documentation of these mechanics as
well as changes due to interventions. Two-dimensional images recorded by a digital camera reveal the frontal plane projection angle (FPPA)
of the knee during this test. However, it is unclear to what extent the
FPPA determined using such methods is related to actual 3-dimensional (3-D) kinematics. Specifically, it would be beneficial to know the extent to which the FPPA during this test represents hip and knee rotation in the transverse and frontal planes as such rotations are frequently
associated with injuries to the ACL and patellofemoral joint. Additionally, the extent to which performance on the SL squat test is associated
with these rotations during faster, more demanding tasks has not been
determined. The purpose of this study was to examine the correlation
between the FPPA of the knee during SL squats and hip and knee frontal and transverse plane kinematics. Second, we analyzed to what extent the FPPA of the knee during SL squats reflects knee and hip kinematics during a SL landing. We hypothesized that the FPPA during SL
squats would be significantly correlated with greater hip adduction, hip
internal rotation, knee abduction, and knee external rotation during SL
squats and landings.
Methods: 20 healthy subjects (11 female, 9 male; mean age, 26.4 years)
performed 5 SL squats to a self-selected depth and 5 SL landings from
a height of 23 cm. All trials were collected for the dominant leg of each
subject. Retroreflective markers placed on the lower extremity were
tracked by a 6 camera Vicon motion analysis system collecting at 120
Hz. V3-D software was used to determine lower extremity kinematics.
Additionally, during each squat trial, a digital image was recorded by
a camera placed 2 m anterior to the subject, perpendicular to the frontal plane, and at the height of the knee joint in SL stance. Each image
was recorded as the subject passed 45° knee flexion as determined by an
electrogoniometer. Markers placed on the leg of each subject bisecting
the frontal plane of the proximal thigh, femoral condyles, and malleoli
at the ankle were used to determine the FPPA of the knee in each digital image (CorelDraw). To synchronize the digital camera with the motion analysis, a signal was delivered to the motion analysis workstation
as the image was recorded. Pearson correlation coefficients were calculated between the FPPA and selected 3-D kinematics during SL stance
and landing conditions.
Results: The change in FPPA from SL stance to SL squat was associated
with greater hip adduction, knee abduction, and knee external rotation
during SL squats and SL landings (Table 1). Three-dimensional rotations

Table 1

Pearson Correlation Coefficients for the
Association Between the FPPA Excursion
During SL Squats and 3-D Rotation
Excursions During SL Squats and Landings
SL squat

SL landing

Hip adduction

0.58, P = .008

0.67, P = .001

Hip internal rotation

0.35, P = .16

0.16, P = .51

Knee abduction

0.71, P = .001

0.58, P = .008

Knee external rotation

0.77, P<.001

0.54, P = .015
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Table 2

Pearson Correlation Coefficients
(all P<.001) for the Association
Between 3-D Rotations During
SL Squats and SL Landings

Hip adduction

0.72

Hip internal rotation

0.76

Knee abduction

0.79

Knee external rotation

0.80

recorded during SL squats were indicative of the rotations recorded during SL landings (Table 2).
Discussion: The results of this study support previous reports suggesting
an association between 2-D and 3-D methods to quantify lower extremity kinematics during weight bearing activities. These results also suggest
that the FPPA during SL squats may be used to gauge knee kinematics
during faster, more dynamic activities. Finally, 3-D kinematics within
each subject appear to be similar between SL squats and SL landings.
Conclusions: Two-dimensional analysis of knee alignment during SL
squats is a simple alternative to 3-D kinematic analysis. As such, it may
be an effective screen for identification of individuals prone to knee injuries due to excessive frontal or transverse plane kinematics during weight
bearing activities.

HIP ABDUCTOR FUNCTION INFLUENCES KINEMATICS OF LANDING
Jacobs C, Mattacola CG, Uhl TL, Shapiro R, Rayens WS
Lexington Clinic, Lexington, KY; University of Kentucky, Lexington, KY
Introduction: Rapid deceleration during sporting activities, such as
landing from a jump, has been identified as a common mechanism of
anterior cruciate ligament injury. While weakness of the hip abductors
has been previously associated with chronic knee injuries, there is limited research investigating the role of potential gender differences in hip
abductor function with lower extremity kinematics. Therefore, the purpose of this study was to compare hip abductor strength and endurance,
as well as landing kinematics between men and women.
Methods: A repeated measures design was employed for this laboratorybased protocol. Thirty healthy adults participated in the study (15 women; age, 23.2  2.9 years; height, 165.9  6.7 cm; mass, 66.5  7.3 kg; 15
men; age, 24.4  3.0 years, height, 180.3  10.4 cm; mass, 78.8  14.1
kg). Peak joint displacement (PJD) values were determined for the hip
and knee of the preferred landing leg during a hopping task. When performing the hopping task, subjects hopped off 2 feet and landed on a single leg in a target area located on the floor. Upon landing, subjects were
instructed to stabilize quickly and remain as motionless as possible for 5
seconds. The length and height of the jump were equivalent to 40% and
15% of each subject’s height, respectively. Subjects completed 3 pre-exercise trials and the mean peak joint displacements during landing were
used for analysis. Following the pre-exercise trials, subjects performed
3, 5-second maximal voluntary isometric contractions of the hip abductors. Peak torque (PT) values were normalized to body mass (Nm/kg).
Subjects then performed an endurance test, and angular impulse values
(force × time) were calculated. After a 15-minute recovery interval, subjects completed a submaximal, 30-second bout of exercise during which
we calculated the percent of maximal endurance utilized (%E). Immediately following the 30-second bout of exercise, subjects completed 3
postexercise landing trials. Independent t tests were used to assess gender differences in PT and %E. Separate 2 × 2 ANOVAs (gender × test)
were used to evaluate potential gender differences in hip and knee joint
PJD in all 3 planes of motion prior to and following the 30-second bout
of isometric hip abduction. An a level of .05 was considered significant
for analyses.
Results: Women demonstrated significantly lower PT values (0.94 

0.19 N∙m/kg) compared to their male counterparts (1.28  0.27 Nm/kg,
P,.001); however, there were no gender differences in %E. Women also
demonstrated significantly larger knee valgus PJD (7.3°  6.6°) compared to men (3.3°  3.5°, P = .04). Significant time main effects demonstrated increased hip flexion, hip adduction, and knee external rotation PJD following the bout of exercise.
Discussion: Our results suggest that the hip abductors play an important
role in neuromuscular control of the knee when landing from a jump.
Women demonstrated lower peak torque of the hip abductors than men
and also demonstrated increased knee valgus displacement. Regardless
of gender, neuromuscular control of the lower extremity was altered following a submaximal bout of isometric hip abduction.
Conclusions: Inadequate hip abductor strength influences knee position
during landing and may be a contributing factor in the mechanisms of
noncontact knee injury. Future investigations are needed to evaluate the
efficacy of lower extremity strengthening and/or rehabilitation programs
that include exercises targeting this muscle group.

ECCENTRIC THIGH STRENGTH AND ANKLE EVERSION MOTION PREDICT
TIBIAL INTERNAL ROTATION AT THE KNEE
Shimokochi Y, Lee SY, Schmitz RJ, Shultz SJ
University of North Carolina at Greensboro, Greensboro, NC
Introduction: Excessive internal rotation of the tibia relative to the femur (knee internal rotation) has been shown to increase anterior cruciate ligament loading. However, much is still unknown about the collective factors that control this motion during weight bearing activity.
Hence, we examined the relationship between ankle eversion motion and
isokinetic thigh strength with knee internal rotation motion during a single leg landing.
Methods: During session 1, 18 recreationally active females (22.4  2.8
years, 162.5  8.1 cm, 57.8  9.3 kg) performed 2 sets of 5 repetitions of
isokinetic maximal eccentric and concentric quadriceps and hamstrings
muscle contractions at 180°/s. The peak torque was obtained from each
muscle group and contraction type and normalized to the subject’s body
weight. In session 2, kinematic data were obtained from the dominant
leg during 5 single-leg landings from a 45 cm box using a 3-D electromagnetic tracking system. From these data, peak knee internal rotation
(KIRpk) was defined as the initial peak value after foot contact, and ankle eversion (EV) was defined as the frontal plane lateral rotation of the
foot relative to the shank at KIRpk. Multiple stepwise linear regressions
determined whether EV and thigh muscle strength would predict KIRpk. Eccentric and concentric thigh muscle strength were analyzed in separate analyses.
Results: KIRpk occurred shortly after foot contact (64  24 ms) at 35.0°
 8.5° of knee flexion. On average subjects experienced 9.4°  3.8° of
KIRpk and 7.8°  6.4° of EV. Stepwise linear regression revealed that
EV entered the model first and predicted 21.7% of variance in KIRpk
(P = .05). Once EV was accounted for, normalized eccentric knee extensor torque (nEKE) had the highest partial correlation with KIRpk (rpartial
= .355) and entered the model next, but did not result in a significant R2
change (R2 change = 0.088; P = .19). However, once normalized eccentric knee flexor torque (nEKF) entered on the third step (rpartial = –.615),
nEKE and nEKF together explained an additional 26.3% of the variance in KIRpk (the partial correlation with nEKE increased to .638, once
nEKF was accounted for). This relationship is such that subjects who
had greater eversion motion, increased eccentric knee extensor strength,
and decreased eccentric knee flexor strength experienced greater KIRpk
shortly after ground contact. Concentric muscle strength was not a significant predictor of KIRpk.
Discussion: Ankle eversion has been shown to increase tibial internal rotation relative to the foot, and is thought to increase tibial internal rotation relative to the femur. However, previous studies have not demonstrated this relationship at the knee during running or walking. In
contrast, we used a single-leg landing from a relatively high height (45
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cm). Given the substantially higher peak ground reaction force and force
attenuation demands associated with this task, it is likely that greater
levels of EV, thus greater KIRpk were realized. A secondary finding is
that the relationship between thigh strength and KIRpk was stronger
with maximal eccentric versus concentric contractions. This may in part
be due to the fact that maximal eccentric isokinetic muscle strength has
been shown to be less affected by angular velocity than maximal concentric isokinetic muscle strength. Although adding only nEKE did not
alter the r2 significantly, an additional 26.3% of the variance in KIRpk
was explained once both nEKE and nEKF were accounted for. Hence,
the absolute strength balance between nEKE and nEKF may be a critical factor in controlling KIRpk.
Conclusions: The ACL has been shown to be loaded with the application of internal rotation torque to the knee joint, especially during shallow knee flexion angles (ie, below ~45°) and a forceful quadriceps muscle
contraction. Our findings suggest that preventing excessive ankle eversion may reduce the amount of knee internal rotation that occurs with
force attenuation upon landing, and lend further support to the importance of balanced strength of quadriceps and hamstring muscles in knee
stability.

BIOMECHANICS OF ANTICIPATED AND UNANTICIPATED SIDE-STEP
CUTTING IN MALE AND FEMALE BASKETBALL PLAYERS DURING GAMELIKE SCENARIOS AND LOWER EXTREMITY STRENGTH
Carlstedt KE, Brandner RD, Kernozek TW
Rehabilitation Institute of Chicago, Northshore Outpatient Clinic,
Chicago, IL; University of Wisconsin-La Crosse, Department of Health
Professions, La Crosse, WI; Luther Hospital, Eau Claire, WI
Introduction: The anterior cruciate ligament (ACL) is one of the most
commonly injured ligaments in the knee. The majority of these injuries
occur due to noncontact mechanisms such as, sudden acceleration/deceleration, change of direction, or landing from a jump. Most of the current
studies examining sidestep cutting has been performed on male athletes
with none evaluating the athletes’ strength concurrently. The aim of this
study was to determine the effects of unanticipated game like scenarios
on the lower extremity joint kinematics and kinetics during the stance
phase of side-step cutting maneuvers as well as to determine any gender
differences in strength.
Methods: Nineteen females and 19 males NCAA division III basketball
players were tested. All athletes had no prior history of serious knee injury. Subjects were analyzed using a 3 dimensional motion analysis system and 2 force platforms during 4 different game like cutting conditions: anticipated cut, unanticipated pass to left side, unanticipated fake
to left side, and unanticipated straight ahead pass. An infrared timing
light system was used to determine approach speed and to cue the passer to throw a ball to another player. The subjects were instructed to follow the movement of the ball and to intercept the pass as they would in
a game situation. Each subject performed 5 trials of each scenario listed previously in a randomized order for both dominant and nondominant legs. All ground reaction force data, moment data, and strength
data were normalized (percent body weight and Nm/kg of body weight).
A series of repeated measures analysis of variance were used on each of
the kinematic and kinetic dependent variables (a = .05). Bonferroni post
hoc tests were used if tests were significant. t tests were used to compare
strength values between genders (a = .05).
Results: Overall, cutting conditions resulted in greater maximum knee
valgus angles for females compared to males during stance. In general, females exhibited significantly more knee valgus throughout stance,
significantly less hip flexion at initial contact, and significantly less hip
extension during the stance phase of all cutting conditions. Maximum
internal knee extensor moment was significantly greater in males than
females. Maximum internal hip abductor moment was significantly
greater in females, while maximum internal hip adduction moment was
significantly greater in males. Stance time was not different across con-

ditions. The knee extensor and knee flexor isokinetic strength measurements were significantly less in females. In addition, weight normalized
hip abductor strength values were significantly lower in females.
Discussion: There were no significant differences found between anticipated and unanticipated cutting scenarios. There were several gender differences observed between male and female athletes. Overall,
female players demonstrated greater knee valgus angles across conditions as well as greater maximum internal hip abduction moments than
males. This increased internal hip abductor torque must be generated
by females to avoid movement into a position of increased hip adduction and further knee valgus. This has been indicated as a high-risk position for ACL injuries. Greater internal maximum hip adduction moments in male players and larger maximum hip abduction moments in
females during cutting maneuvers may correspond to underlying anatomical gender differences in hip structure or differences in lumbopelvic
strength and stability. Further research is needed to examine the potential factors that place female athletes at higher risk for ACL injury during cutting maneuvers in sport.
Conclusions: Unanticipated game-like cutting conditions produced few
changes in knee and hip kinematics and kinetics as compared to anticipated cutting maneuvers. Female basketball players demonstrated significantly larger knee valgus angles and greater internal hip abductor
moments than males throughout the stance phase across all game-like
scenarios. Females with weak hip abductor strength may not be able to
generate a large enough internal hip abductor moment to avoid highrisk knee positions for ACL injury during cutting maneuvers. Further
research is needed to examine the relationship of lumbopelvic strength
to cutting mechanics in male and female athletes during game-like
scenarios.

GENDER AND AGE COMPARISONS IN NEUROMUSCULAR AND
BIOMECHANICAL CHARACTERISTICS OF THE KNEE IN YOUNG ATHLETES
Sell TC, Abt JP, Nagai T, Myers JB, Fu FH, Lephart SM
Neuromuscular Research Laboratory, University of Pittsburgh, Pittsburgh, PA
Introduction: The majority of research examining gender differences related to noncontact ACL injuries has focused on high school and
collegiate athletes due to the disparity in injury rates between genders.
Yet, current evidence suggests that injury rate differences also occur in
younger, school-aged athletes. In addition, the potential contributors to
these injury rate differences in school-aged athletes are largely unknown.
The purpose of this study was to examine and compare the gender and
age group strength, balance, jump height, and landing kinematics characteristics in high school and school-aged athletes.
Methods: Forty healthy high school (16.8  0.8 years) and 40 schoolaged (10.8  0.8 years), athletes with an equal distribution of males and
females within each group participated in the study. Each subject underwent an isokinetic strength test (knee flexion and extension at 60°/s),
single-leg balance assessment (eyes open and eyes closed), vertical jump
height test, and a kinematic analysis (knee flexion and valgus angle at
initial contact) during a single-leg vertical stop jump task. A 2-way ANOVA (age × gender) was utilized to examine age group (within gender) and
gender (within age group) differences.
Results: Significant (P,.05) gender differences were revealed in strength,
balance, and jump height performance in the high school group. Specifically, males had greater strength (flexion and extension) and higher jump
height whereas females had better balance. No differences were observed
in the school-aged group in any of the variables analyzed. Significant age
group differences were observed within both genders for strength (flexion and extension) and jump height such that high school athletes had
greater strength and jump height performance. School-aged males had
better balance than high school males. No significant differences were
observed in landing kinematics for any of the comparisons made.
Discussion: Previous studies have demonstrated significant kinematic
differences during sports tasks in high school and college-aged athletes.

ACL Supplement: Abstracts
The current study did not reveal kinematic differences but did reveal
strength differences which may partially explain the differences in injury rates in these athletes.
Conclusions: The lack of gender differences within school-aged athletes
does not help to explain the gender differences in knee injuries described
in the literature. Research should continue to examine the neuromuscular and biomechanical characteristics of young athletes.

DIFFERENCES IN LOWER-LIMB NEUROMUSCULAR CONTROL BETWEEN
SPORTS MOVEMENTS EXECUTED IN LABORATORY AND GAME SETTINGS
Saunders N, Otago L, McLean S
School of Human Movement and Sport Sciences, University of Ballarat,
Ballarat, Australia; The Cleveland Clinic, Cleveland, OH
Introduction: Anterior cruciate ligament (ACL) injury is a common and
traumatic sports injury. While the underlying mechanisms remain unclear, neuromuscular control elicited during high-risk sports movements
has become increasingly viewed as a primary risk factor.1 To date, neuromuscular predictors of ACL injury have typically arisen from lab-based
assessments of these movements, as a means to counter the inherently
random and unpredictable nature of the true game setting. It is possible however, that this approach excludes important components of actual game-play that contribute directly to the chosen movement response
and resultant injury risk.3 A game-based assessment of high-risk sports
movements may thus afford more reliable neuromuscular injury predictors, and hence, more effective injury screening and prevention strategies. With this in mind, the purpose of the current investigation was
to compare lab and game-based measures of lower limb neuromuscular
control during high-risk sports movements.
Methods: Ten female subjects (age 24.3  9.5 years) had lower limb
EMG data recorded continuously during a fixtured netball game. At a
subsequent session, occurring in the lab, EMG data were also recorded
for 3 chosen conditions (as below). The movement chosen for investigation was a “leap” land, which is commonly employed in netball and involves taking off on a single leg and landing on the opposite leg. For each
subject, bilateral EMG (Mespec 4000, MegaWin) data, sampled at 1000
Hz, were recorded telemetrically for rectus femoris (RF), biceps femoris
(BF), medial hamstring (MH), and gluteus medius (GM) muscles. During lab testing, subjects performed 5 leap land trials for each leg, for 3
specific movement conditions of increasing complexity, namely: (1) run
and leap land (Land); (2) run, leap land whilst catching a ball, pivot and
pass to a teammate in the same movement (No Def ); (3) break from a
defender, run, leap land while catching a ball, pivot and pass to a teammate in the same movement (Def ). The point of initial contact (IC) of the
land leg, for both the game and lab trials was first determined via video
camera recordings. EMG data were then analyzed for each trial to determine muscle onset relative to IC (onset to IC), and the resultant muscle
burst duration that occurred concurrent with IC. Specifically, the onset
level was defined as the point where muscle activation exceeded baseline
levels by at least 1 SD for a minimum of 10 milliseconds.2 All dependent
measures were subsequently submitted to a 2-way ANOVA to determine
for the main effects of test condition and leg.
Results: Onset to IC for the RF was observed to be significantly different between the game and lab conditions (Game versus Land P = .050,
Game versus No Def P = .016, Game versus Def P = .027). Onset of activation occurred much closer to IC during the game (48  35 milliseconds) compared to the lab (Land: 87  22 milliseconds; No Def: 84 
44 milliseconds; Def: 80  31 milliseconds) conditions. Comparisons of
muscle burst duration data failed to yield significant results for all statistical comparisons. No difference was found between approach speed
for each condition.
Discussion: The following implications of a delay in RF onset during a
game are proposed. The delay in RF onset during a game may impact
knee stability at landing and therefore the potential to counteract potentially hazardous joint load states. Conversely, a delayed onset of RF

may demonstrate an adaptive strategy for knee stability that is necessary
for the inherently random nature of a netball game. The delay in RF onset may be unrelated to injury risk and indicative of RF behavior to optimize performance in a game setting. Finally, the delay in RF onset may
be a reflection of the demand for hip and upper body control necessary
during game play.
Conclusions: When examining high risk sporting maneuvers, there is
some evidence that what we test in the lab may reflect the game. However more research is required to ensure that any subtle differences between the game and laboratory setting are not key components to understanding injury mechanisms. This abstract was presented as a poster at
ISB 05 in Cleveland.
REFERENCES:
1. Griffin LY, Agel J, Albohm MJ, Arendt EA. Noncontact anterior cruciate ligament injuries: risk factors and prevention. J Am Acad Orthop Surg. 2000;8:141-150.
2. Hodges PW, Bui BH. A comparison of computer-based methods for the determination of onset of muscle contraction using electromyography. Electroencephalogr Clin
Neurophysiol. 1996;101:511-519.
3. McLean SG, Lipfert SW, van den Bogert AJ. Effect of gender and defensive opponent on the biomechanics of sidestep cutting. Med Sci Sports Exerc.
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CASE REPORT: CAN NEUROMUSCULAR MEASURES PREDICT ACL INJURY?
Otago L, Saunders N, McLean S
School of Human Movement and Sport Sciences, University of Ballarat,
Australia; The Cleveland Clinic, Cleveland, OH
Introduction: Neuromuscular control elicited during high-risk sports
movements has become increasingly viewed as a primary risk factor for
noncontact ACL injuries.1 Understanding neuromuscular characteristics
prior to an ACL injury could be invaluable in elucidating injury mechanisms and contributing to the development of accurate screening methods. However, prospective neuromuscular-based studies in an attempt to
identify predictors of ACL injury would be very difficult because any time
lapse between testing and injury may deem results questionable and invalid, as neuromuscular measures can be influenced, for example, with
training. This case report discusses the findings from a subject who sustained an ACL injury 6 days post testing (from the study described below), which indicates possible neuromuscular dysfunction that may have
contributed to the ACL injury.
Methods: Ten female subjects (age, 24.3  9.5 years) had lower limb
EMG data recorded for 3 chosen conditions (as below). The movement
chosen for investigation was a “leap” land, which is commonly employed
in netball and involves taking off on a single leg and landing on the opposite leg. For each subject, bilateral EMG (Mespec 4000, MegaWin)
data, sampled at 1000 Hz, were recorded telemetrically for rectus femoris (RF), biceps femoris (BF), medial hamstring (MH), and gluteus medius (GM) muscles. During lab testing, subjects performed 5 leap land
trials for each leg, for 3 specific movement conditions of increasing complexity, namely: (1) Run and leap land (Land); (2) Run, leap land while
catching a ball, pivot and pass to a teammate in the same movement (No
Def ); (3) Break from a defender, run, leap land while catching a ball,
pivot and pass to a teammate in the same movement (Def ). The point of
initial contact (IC) of the land leg, was first determined via video camera recordings. EMG data were then analysed for each trial to determine
muscle onset relative to IC, and the resultant muscle burst duration that
occurred concurrent with IC. Specifically, the onset level was defined as
the point where muscle activation exceeded baseline levels by at least 1
SD for a minimum of 10 ms.3
Injury Incident: The player ran for a ball that was going out of court. As
she reached the court boundary she performed an abrupt 1-legged stop.
As her foot was planted, she twisted/attempted to pivot whilst bringing
the ball back into play when she heard a snap. She attempted to continue
pivoting, however her leg gave way and she fell to the floor.
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Results: The ACL injured subject was the only player to record an onset post IC within her trials. These results were only found in the injured
limb compared with the noninjured limb. A total of 6 onset post IC trials
were recorded within the Def condition across all 4 muscles out of a possible 15 lands. Five onset post IC trials were recorded within the No Def
condition across RF and BF muscles only. No onset post IC trial was recorded for the least complex, Land condition.
Discussion: A player will often sustain an ACL injury while performing
a common, albeit high-risk task. Results presented for this subject highlight the potential for this to be explained. It has been found that muscle
activation patterns are pre-planned and activate prior to loading to counter potentially injurious moments.4 Therefore an onset post IC potentially renders the knee joint extremely vulnerable to injury, relying on predominantly passive restraints to counter loading during high-risk tasks.
The ACL injured subject in this study performed the high-risk, landing
task the majority of times using an activation strategy prior to IC. During
the simple and less ‘game like’ landings, this activation strategy prior to
IC was consistent. However with increasing and more ‘game-like’ complexity, the injured subject’s results suggest that she was unable to recruit
a functional level of activation prior to IC for up to 40% of her landings,
potentially increasing her chance of ligament injury.
Conclusion: While this is a single subject case report, it does provide
valuable insight into potential neuromuscular dysfunction prior to ACL
injury.
REFERENCES:
1. Griffin LY, Agel J, Albohm MJ, Arendt EA. Noncontact anterior cruciate ligament injuries: risk factors and prevention. J Am Acad Orthop Surg. 2000;8:141-150.
2. McLean SG, Walker K, Ford KR, Myer GD, Hewett TE, van den Bogert AJ. Evaluation
of a two dimensional analysis method as a screening and evaluation tool for anterior cruciate ligament injury. Br J Sports Med. 2005;39:355-362.
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DIFFERENCES EXIST IN NEUROMUSCULAR PATTERNS DURING
UNANTICIPATED RUNNING AND CUTTING MANEUVERS BETWEEN ELITE
MALE AND FEMALE SOCCER PLAYERS
Landry SC, McKean KA, Hubley-Kozey CL, Deluzio KJ,
Stanish WD
School of Biomedical Engineering, Dalhousie University, Halifax,
Canada; School of Physiotherapy, Dalhousie University, Halifax, Canada;
Department of Surgery (Orthopaedics), Dalhousie University, Halifax,
Canada
Introduction: The anterior cruciate ligament (ACL) is important for knee
joint stability and proper function, particularly during sporting activities that involve running, stopping, jumping, and cutting. Approximately 70% to 80% of these injuries are noncontact in nature and females
are 2 to 8 times more likely of sustaining an ACL injury than males. The
noncontact mechanism of this injury most often involves landing from a
jump or cutting to change directions during activities such as basketball
or soccer. The purpose of this study was to identify gender related neuromuscular differences of the lower limb in unanticipated running and cutting maneuvers within an elite adolescent soccer population.
Methods: Twenty-one male and 21 female elite adolescent soccer players underwent a complete 3-D kinematic, kinetic, and electromyographic (EMG) analysis of the lower limb, with only the EMG findings being
discussed in this abstract. Subjects were required to run at 3.5  0.2 m/
s down the laboratory runway and just prior to the right foot landing on
the force plate, a light system randomly cued the individuals to either (1)
cut to the left (side-cut), (2) continue running straight, or (3) cut to the
right (cross-cut). For the stance portion of the maneuver, muscle activa-

tion patterns of the rectus femoris, vastus medialis and lateralis, lateral
and medial hamstring, and medial and lateral gastrocnemius were collected and then normalized to maximum voluntary isometric contractions (MVIC) against a Cybex dynamometer. Both cuts were made at 35°
to 60° from the direction of travel and muscle activation waveforms were
analyzed for gender and medial-lateral site differences using principal
component analysis (PCA).
Results: Both male (17.0  0.6 years) and female (16.6  1.1 years)
players had several years of soccer experience (M = 10.71.7 years, F
= 9.82.1) and had played or trained with the Nova Scotia provincial
and/or Canada Games soccer program. All players were injury free at the
time of testing, however, many reported previous minor lower limb injuries in their soccer careers (M = 62%, F = 86%). The males were significantly taller (M = 1.77  0.04 m, F = 1.65  0.1 m) and heavier (M =
69.6  6.6 kg, F = 60.8  5.5 kg) than their female counterparts. Gastrocnemius activity during the 3 tasks was significantly greater in the
female group. Females demonstrated higher lateral gastrocnemius activity compared to their medial gastrocnemius (P,.02) and also compared to the lateral gastrocnemius of males during the first 60% to 70%
of stance (P,.002). There were no statistical differences between lateral
and medial gastrocnemius activity in the male group. The differences in
the hamstring muscles were more variable between the individual tasks.
The side-cut produced a statistically significant medial-lateral hamstring
imbalance in the males only, with males having a higher overall lateral
hamstring activation level compared to the medial hamstring (P = .02).
For the straight run, the only hamstring difference was that males had
higher lateral hamstring activity compared to females (P = .01) and for
the cross-cut, males demonstrated both higher lateral and medial hamstring activity compared to the females (P,.05). With respect to gender
quadriceps differences, females had higher rectus femoris activity for all
3 tasks (P,.05) and higher vastus medialis and lateralis activity for the
straight run only (P,.05).
Discussion: The most notable gender difference for all 3 unanticipated
tasks was that females had higher lateral gastrocnemius activity than
males and females also demonstrated a medial-lateral gastrocnemius
muscle imbalance during early to midstance that was not present in
males. Studies using a computer based model2 and a differential variable transducer implanted on the ACL1 have shown that contraction of
the gastrocnemii alone or in combination with the quadriceps is able to
increase the load in the ACL. If the assumption that higher muscle activations result in larger muscle forces is followed, then the higher female
gastrocnemius muscle force in this study may be putting the ACL under
greater load compared to males, thereby increasing the likelihood of injury to the ACL. The medial-lateral gastrocnemius imbalance present in
only females may also be contributing to less internal/external rotary stability, a motion that the ACL has an important role in resisting. In addition to the gastrocnemius gender differences between athletic tasks, the
females also tended to have higher activated quadriceps and/or lower
activated hamstrings. These findings may further increase the ACL load
and place the ligament at a higher risk of being injured in females.
Conclusion: Unanticipated athletic tasks have identified gastrocnemius,
quadriceps, and hamstrings muscle activation differences that are potential contributors to the gender bias in ACL injury rates. The gastrocnemius imbalance and higher activity identified in this study for
females has not been previously reported in the literature. Similar Abstract Presented At: ISB 2005 (Cleveland, Ohio) and CASM 2005 (Ottawa, Ontario).
REFERENCES:
1. Fleming BC, Renstrom PA, Ohlen G, et al. The gastrocnemius muscle is an antagonist of the anterior cruciate ligament. J Orthop Res. 2001;19:1178-1184.
2. O’Connor JJ. Can muscle co-contraction protect knee ligaments after injury or repair? J Bone Joint Surg Br. 1993;75:41-48.
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STRENGTH TRAINING FOR 6-WEEKS DOES NOT SIGNIFICANTLY ALTER
LANDING MECHANICS OF FEMALE COLLEGIATE BASKETBALL ATHLETES
McGinn PA, Mattacola CG, Malone TR, Johnson DL, Shapiro R
Nova Southeastern University, Ft Lauderdale, FL; University of
Kentucky, Lexington, KY
Introduction: Landing mechanics employed by female athletes have
been considered a potential risk factor for lower extremity injuries.
This project compared the landing mechanics of 2 groups of collegiate
female basketball athletes (trained, untrained) to determine if changes
in lower extremity strength would alter landing mechanics.
Methods: Data were collected in the University Biodynamics Laboratory and analyzed using a repeated measures design. Fifteen collegiate
(NCAA Division III and NAIA) female, right leg dominant, basketball
athletes volunteered for participation (age, 18.8  0.1 years; height,
175.1  6.1 cm; mass, 67.0  5.6 kg), and reported no history of lower extremity surgery or occurrence of a lower extremity injury within 3
months prior to testing. Baseline 3-dimensional hip and knee joint kinematic data (120 FPS), and bilateral quadriceps (concentric, eccentric) and hamstring (concentric) isokinetic strength data (180°/s) were
collected for each participant (pre-test, post test). Landing mechanics were evaluated during 2 single-limb landing tasks (hop, step). The
trained group (n = 7) participated in supervised biweekly weight training sessions (squats, lunges, leg press, step-ups, hamstring curls, deadlifts) for 6-weeks, the untrained group (n = 8) did not. Kinematic data
used in reduction began 50 milliseconds prior to impact and ended
350 milliseconds after impact, to include the landing phase. KinTrack
software was used for post processing of kinematic data. All kinematic and strength data were statistically analyzed using SPSS, alpha level P,.05 (a priori).
Results: Data were evaluated using 2 × 2 repeated-measures ANOVA. Significant increases in strength occurred for the trained group.
Concentric hamstring and concentric quadriceps peak torque values
improved 14% (P = .012) and 8% (P = .004) from pretest, respectively. Landing tasks yielded significant limb differences at the knee and
hip joint. The dominant limb landed with less hip flexion (4.9°  4.9°,
10.1°  3.6°) (P,.001), less knee flexion (12.2°  3.5°, 15.2°  4.0°) (P
= .007), more knee valgus (9.1°  4.2°, 6.2°  3.3°) (P = .013), and with
a larger medial/lateral ground reaction force when compared to the
nondominant limb (P = .011). Kinematic hip and knee joint data were
not significantly different after 6 weeks for either group.
Discussion: The evidence presented from this project, supports increases in concentric hamstring and quadriceps PT can occur after 6-weeks
of isotonic strength training; however these increases were not sufficient to cause a change in landing mechanics during the posttest. Interestingly, regardless of task, the nondominant limb landed in a position,
which placed less stress on the knee joint, compared to the dominant
limb. This leads the authors to question whether we need to re-evaluate the definition of “dominance.” Although evidence suggests that
comprehensive ACL intervention programs decrease ACL injuries because of training, it is hypothesized that the strength-training component of these programs may not be the most influential factor in
their success.
Conclusions: Our findings suggest that strength training alone does
not alter landing mechanics. However, based on previous literature
our findings imply that neuromuscular training, specifically focused on
motor control patterns, may be necessary for improvements in landing kinematics. Presented at the National Athletic Trainers’ Association
Meeting, June 2006 and as a poster presentation at the Southeastern
Athletic Trainers’ Association Meeting, March 2005. Reproduced with
permission from the Journal of Athletic Training. 42(2), 2006. ©2006
National Athletic Trainers’ Association, Inc.

THE EFFECTS OF STRENGTH TRAINING ON THE NEUROMUSCULAR
CHARACTERISTICS OF A STOP-JUMP TASK IN FEMALE RECREATIONAL
ATHLETES
Herman DC, Weinhold PS, Guskiewicz KM, Garrett WE, Yu B,
Padua DA
University of North Carolina, Chapel Hill, NC; Duke University,
Durham, NC
Introduction: Previous research has shown that females exhibit altered
neuromuscular characteristics at the knee and adjacent joints compared to males during athletic tasks; furthermore, these differences
have been shown to increase the load and deformation of the anterior
cruciate ligament (ACL). ACL injury prevention protocols employing
various combinations of proprioception, balance, plyometric, strength,
and technique training have previously shown positive ACL injury prevention effects; however, little is known about the relative contributions of these various training components to ACL injury prevention.
Furthermore, little is known about how these protocols alter the specific movement patterns and loading properties associated with ACL
injury. Due to the incidence, cost, and long-term disability of ACL injury, it is important to understand the relative contribution and importance of each component in injury prevention protocols to develop
maximal efficiency and effectiveness. This research focuses on the role
of strength training, which is a common modality in intervention protocols, in altering neuromuscular characteristics. We hypothesize that
a strength training protocol focusing on the knee and hip musculature
will alter the baseline neuromuscular characteristics in female subjects
during the landing phase of an athletic task (the stop-jump) that is associated with ACL injury.
Methods: Three-dimensional videography, force plate, and maximum
voluntary isometric contraction (MVIC) dynamometry data were collected for 11 healthy female recreational athletes (age, 24.8  2.7 years;
height, 1.65  .07 m; weight, 63.8  11.4 kg) before and after completing a 6-week strength training protocol. The strength training protocol
lasted 6 weeks with 3 training sessions per week lasting approximately 40 minutes each. The protocol employed 4 exercises targeting the
quadriceps, hamstrings, gluteus medius, and gluteus maximus. All sessions were monitored to ensure proper technique, progression of resistance, and compliance. Kinetic and kinematic parameters at the knee
and hip were estimated using an inverse dynamic procedure instrumented in a MS3-D computer program package. Dependent sample t
tests (a = .05) were employed to determine statistical significance.
Results: The quadriceps, hamstrings, gluteus medius, and gluteus maximus muscles increased in MVIC strength subsequent to the strength
training protocol (P,.001 for all muscles). Knee anterior shear force
(P = .026) decreased and hip abduction angle (P = .005), hip abduction moment (.034), and hip flexion moment (P = .009) increased subsequent to the strength training protocol.
Discussion: The increased muscular strength about the knee and hip we
observed may act to help stabilize the knee joint during landing. Decreased anterior knee shear force and increased hip flexion moment
may allow subjects to adopt a more controlled landing strategy rather
than using a “ligament dominant” landing strategy. Furthermore, increased strength may allow for an “amplification effect” of other ACL
injury prevention modalities by providing the physical capacity for altered motion patterns.
Conclusions: The results indicate that a 6-week single-modality intervention using strength training can positively alter critical neuromuscular characteristics in female recreational athletes. Ultimately, this research will help to provide clinicians with a foundation on which to
design effective ACL injury prevention protocols.

ACL Supplement: Abstracts
THE EFFECTS OF STRENGTH AND PLYOMETRIC TRAINING ON JOINT
POSITION AND JOINT MOMENTS OF THE FEMALE KNEE
Trowbridge CA, Ricard MD, Knight KL, Hopkins JT, Draper
DO, Hilton SC
University of Texas at Arlington, Arlington, TX; Brigham Young
University, Provo, UT
Introduction: Female athletes experience a 2 to 6 times greater chance
of noncontact anterior cruciate ligament (ACL) injury. Previous research
has indicated that specific prevention training programs can reduce the
number of female knee injuries; however, we do not know how different
training programs affect the specific mechanics of different sport activities. The purpose of this study was to determine the effects of plyometric and strength training programs on the kinematics and kinetics of the
knee joint during various performance conditions.
Methods: A 2 × 3 × 3 × 6 factorial design was used. The factors were time
(pretest and posttest), training program (control, plyometric training,
and traditional strength training), trial replication (3 trials), and performance condition (run, deceleration run, cut 45°, deceleration cut 45°,
drop landing, and single-leg hop). Time, replication, and performance
condition were repeated measures. Thirty-six healthy female recreational athletes (age, 21.4  0.1 years; height, 165.1  2.6 cm; mass, 63.3 
2.9 kg) with the inability to maintain knee joint stabilization when performing functional tasks were the subjects. Separate 6-week plyometric
and strength training programs were used. Pretesting and posttesting occurred within a week of the assigned training program. The order of performance conditions was counterbalanced using a 6 × 6 balanced-Latin
square. Running and cutting speed (4.0 to 5.0 m/s) were monitored by
timing lights. Drop landing was from 46 cm and single-leg hop was performed at a distance of 45% of subject’s height. The right foot was the
plant foot for all conditions. All data were collected in the Human Performance Research Center Laboratory. Kinetic data were collected using
an imbedded force plate. Kinematic data were collected using a 5-camera phase locked motion analysis system integrated with the force plate.
Dependent variables included joint angles and internal joint moments in
3 planes during the weight acceptance phase. Weight acceptance was the
average of all the points between the initial contact and maximum knee
flexion. Custom software used the Euler angle convention to calculate
knee joint angles and used inverse dynamics to calculate internal joint
moments. Change scores (posttest-pretest) were analyzed with 3 × 6 repeated measure factorial ANOVAs. Mixed models accounted for the variance between subjects. Alpha level was set a priori to .05. If group-bycondition differences were detected among the training programs, then
post hoc testing was used.
Results: The plyometric group had significant increases in their knee
flexion angles for the deceleration cut (P,.003), the drop landing
(P,.0001), and the single-leg hop (P,.0007) when compared to the control group. Significant results were obtained when the plyometric group
was compared to the strength group for the drop landing (P,.0006) and
the single-leg hop (P,.0006). The plyometric group increased their average flexion angle up to 8° for both the drop landing and single-leg hop
and up to 4° for the deceleration cut. The plyometric group also demonstrated a greater extensor torque at the posttest for the 45° cut than the
control (P,.03) and strength (P,.0003) groups. The control and plyometric groups exhibited lesser valgus moments during posttesting, but
only the plyometric groups’ decreased valgus moment for the 45° cut corresponded with an angular change.
Discussion: It appears that plyometrics can modify technique and muscle force during cutting and landing conditions. The clinical application
of these findings is relevant to the prevention of the “position of no return,” because an increase in flexion angle at foot planting or landing, an
increase in extensor moment, and a reduction in the valgus moment and
the external rotary moment might prevent the knee from collapsing into
the position of injury. Therefore, plyometric training may be used to treat
ligament dominance, quadriceps dominance, and leg dominance, which

are often seen in female athletes.
Conclusions: These data support the role of plyometric training in improving deceleration and landing. Our findings indicate that the plyometric group might have improved functional joint stability more than
the strength group. Further research is encouraged to investigate the role
of different prevention programs in the establishment of functional joint
stability. This abstract was presented at National Athletic Trainers’ Association Annual Meeting and Symposium, June 2005, Indianapolis, IN.
Reproduced with permission from the Journal of Athletic Training. 40(2
Suppl):S90, 2005. ©2005 National Athletic Trainers’ Association, Inc.

SEX DIFFERENCES AND TRIAL-TO-TRIAL VARIABILITY IN LANDING
PARAMETERS IN BASKETBALL REBOUNDING WITH CHILDREN
Winter TJ, Orlik JR, Livingston LA
Dalhousie University, Halifax, Canada
Introduction: Given the additional complications of orthopaedic treatment for ACL rupture in skeletally immature patients,1 injury prevention is imperative.2 Considerable effort has been devoted to examining
the sex difference in ACL injury in teenagers and adults, yet few have
addressed the same issue in children.3 The purpose of this study was
to investigate sex differences and variability in landing impact forces
and CoP characteristics during the completion of a simulated and controlled, yet ecologically valid, basketball rebounding task with 8- to 10year-old children.
Methods: Children aged 8 to 10 years (10 boys, 10 girls) performed repeated trials of a simulated rebounding task. Traditional measures
of impact forces (ie, normalized peak vertical ground reaction force
(NPvGRF), loading rate [NvGRFLR]) and centre of pressure (CoP) parameters (ie, total CoP excursion path length (DCoP), elapsed time for
CoP excursion (CoPt), and velocity of CoP excursion [CoPvel]) were the
landing parameters of interest, while video cameras were used to capture images of the participants’ jumping techniques. Between-group
(male, female) and within-participant (trial) variability was quantified
to investigate variability patterns for each dependent variable. Descriptive statistics and 1-way ANOVAs were used to evaluate between-sex
differences and individual extreme-case comparisons for all variables.
Qualitative methods were used to interpret CoP trajectory patterns and
base-of-support (BoS) characteristics.
Results: No significant between-group differences were detected for
any of the landing impact or CoP variables. Significant differences were
noted, however, between individuals demonstrating high within-participant variability when contrasted to participants demonstrating low
within-participant variability. Significant differences in extreme cases
of within-participant variability were noted for PvGRF (F1,6 = 102.882,
P,.001), DCoP (F1,10 = 20.462, P,.001), CoPt (F1,10 = 26.411, P,.001),
and CoPvel (F1,8 = 30.369, P,.001). Differences in extreme cases of
within-participant variability of NvGRFLR (F1,8 = 5.808, P,.053) approached significance. These individual differences were supported by
qualitative observations of variability in patterns of impact measures
and CoP parameters. Some individuals demonstrating more variability in the dependent measures also seemed to demonstrate less mature
jumping form than individuals who demonstrated less variablity (ie,
consistency) in performance across trials. No consistent sex differences
were noted for CoP trajectory or BoS characteristics although individual differences in variability across trials were evident.
Discussion: A trend of higher PNvGRF and NvGRFLR magnitude was
observed for females, although males tended to demonstrate larger variability measures for the same variables. Females also tended to demonstrate larger CoP displacement, which may indicate lower balance control than male participants. Observed impact forces were proportionally
higher than in previous drop-jump studies, indicating that drop jumping
may be an overly conservative representation of a high-risk movement.
Extreme-case comparisons highlighted differences in experimental variables and landing technique. Participants demonstrating low within-par-
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ticipant variability tended toward a more mature, controlled jumping
technique. Limitations in experimental task control, temporal normalization of CoP variables, and small sample size may have contributed to
a lack of significant findings.
Conclusions: No significant sex differences were observed, however the
data provide an important baseline against which the results of future
studies with children may be compared. In addition, positive participant
reports and qualitative observations suggest that the experimental task
provided a valid simulation of a true basketball situation.
REFERENCES:
1. Kocher MS, Saxon HS, Hovis WD, Hawkins RJ. Management and complications of
anterior cruciate ligament injuries in skeletally immature patients: survey of the
Herodicus Society and The ACL Study Group. J Pediatr Orthop. 2002;22:452-457.
2. Hewett TE, Myer GD, Ford KR. Prevention of anterior cruciate ligament injuries.
Curr Womens Health Rep. 2001;1:218-224.
3. Loud KJ, Micheli LJ. Common athletic injuries in adolescent girls. Curr Opin Pediatr. 2001;13:317-322.

VARIABILITY IN COORDINATION OF LEG KINEMATICS IN MALES AND
FEMALES DURING TREADMILL RUNNING
Mullineaux DR, Dierks TA, Davis IS
Lexington KY, Indiana University, Bloomington, IN; Drayer Physical
Therapy Institute, Milford, PA; University of Delaware, Newark, DE
Introduction: Sex differences in movement patterns have been associated with increased risk of anterior cruciate ligament (ACL) injuries in
females. The variability in movement is becoming of increasing interest
to biomechanists. In the past, greater variability has been viewed as indicative of poor technique (Davids et al, 1997) or associated with a more
adaptable and healthy state (Hamill et al, 1999). Decreased variability
may result in a less flexible system and greater consistency in loading
that may contribute to an increased risk for injury. Therefore, the aim
of this study was to compare variability in coordination between males
and females during treadmill running. It was hypothesized that females
would exhibit less variability in coordination compared to their male
counterparts.
Methods: Five female (age, 23.6  5.5 years; mass, 60.7  7.9 kg) and
5 male (age, 24.4  9.4 years; mass, 71.9  1.8 kg) healthy recreational
runners participated in this study. Kinematic data for 3 consecutive trials running at 2.68  0.36 m.s-1 on a treadmill were recorded at 120 Hz
using a 6-camera 3-D VICON motion analysis system (Oxford Metrics
Ltd, UK). Data were low-pass filtered at 8 Hz using a fourth order zero

Results for the 3 Methods of Coordination Variability
KIR-HIR
RMSD

VC

CRPsd

Females

465

0.73 6 0.07

13 6 6

Males

567

0.73 6 0.08

19 6 10

% diff

–20

0

–32

Effect size

0.17

0.00

0.75

KIR-REV
RMSD

VC

CRPsd

Females

364

0.69 6 0.11

16 6 6

Males

766

0.71 6 0.03

19 6 14

% diff

–57

–3

–16

Effect size

0.80

0.29

0.30

lag Butterworth filter. Data from 5 frames before and after stance were
normalized to 101 data points. Knee internal rotation (KIR), hip internal
rotation (HIR), and rearfoot eversion (REV) were calculated. Root mean
square difference (RMSD ratio of 2 variables), vector coding (VC cooefficient, Tepavac and Field-Fote 2001) and continuous relative phase standard deviation (CRPsd phase angle, Hamill et al, 1999) were used to analyze variability in the coordination of leg kinematics. The variability in
the coordination between KIR with HIR and KIR with REV were calculated for each of the 101 data points and averaged. Sex differences were
presented as percentage differences (% diff ) and effect sizes.
Results: See TABLE.
Discussion: Variability in coordination between various knee kinematics with either ankle or hip joint kinematics was consistently lower in female runners. The variability was at least 15% less in females when calculated using RMSD or CRPsd, although this difference was negligible
when calculated using VC. Generally greater effect sizes of at least moderate size existed for the REV-KIR coupling suggesting that the variability difference between sexes was greater for the rearfoot-knee coupling
as opposed to the hip-knee coupling.
Conclusion: The data support that variability in leg kinematics is less for
females than males during treadmill running. Further work, including
using larger sample sizes, is required to verify the findings and to assess
the importance of coordination variability on ACL injuries.
REFERENCES:
1. Davids K, et al. In: Lidor R, Bar-Eli M, eds. Innovations in Sport Psychology: Linking
Theory and Practice. Netanya, Israel: International Society of Sports Psychology;
1997.
2. Hamill J, van Emmerik RE, Heiderscheit BC, Li L. A dynamical systems approach
to lower extremity running injuries. Clin Biomech (Bristol, Avon). 1999;14:297-308.
3. Field-Fote EC, Tepavac D. Improved intralimb coordination in people with incomplete spinal cord injury following training with body weight support and electrical
stimulation. Phys Ther. 2002;82:707-715.

ANTERIOR TIBIAL SHEAR FORCE AND KNEE VALGUS ANGLE ARE
INFLUENCED BY LOWER EXTREMITY KINEMATICS, MUSCLE STRENGTH,
AND LANDING TECHNIQUE
Padua DA, Marshall SW, Beutler AI, DeMaio M, Yu B, Thigpen
CA, Boling MC, Garrett WE
University of North Carolina at Chapel Hill, Chapel Hill, NC; United
States Naval Academy, Annapolis, MD; Duke University, Durham, NC
Introduction: Anterior tibial shear force (ATSF) and knee valgus angle
(KVA) are described to increase ACL loading, thus may be important
factors that influence ACL injury risk. Previous research demonstrates
gender differences in peak ATSF and KVA during cutting and jumping
tasks. Understanding how factors other than gender influence ATSF and
KVA may lead to the development of injury prevention interventions to
reduce the risk of ACL injury. Therefore, the purpose of this study was
to identify the influence of lower extremity kinematics, muscle strength,
and landing technique on ATSF and KVA.
Methods: A total 117 participants took part in this study (males, 63; females, 54). An electromagnetic tracking system and nonconductive force
plate were used to measure joint kinematics and ATSF (normalized to
body weight) during a jump-landing task. A hand-held dynamometer
was used to assess the force produced (normalized to body weight) during isometric contraction for the following muscles: gluteus maximus,
gluteus medius, hip external rotators, hip internal rotators, quadriceps,
and hamstrings. The Landing Error Scoring System (LESS), which is a
novel clinical movement assessment tool, was used to quantify an individual’s jump-landing technique based on review of frontal and sagittal
plane video imagery. Separate forward stepwise multiple regression analyses were performed to determine the relationship for ATSF and KVA
with knee and hip kinematics as well as muscle strength. To investigate
the influence of landing technique on ATSF and KVA the sample was di-
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chotomized into groups: high error and low error. Subjects whose LESS
scores were in the lower 25th percentile were assigned to the low error
group (n = 28). Subjects whose LESS scores were in the upper 25th percentile were assigned to high error group (n = 30). Separate 1-way ANOVAs were used to compare ATSF and KVA between the high and low error groups (a,.05).
Results: Regression analyses for peak ATSF revealed that both knee and
hip flexion at initial contact were significant predictors of peak ATSF (R2
= 0.461, P = .001). However, muscle strength was not shown to be predictive of peak ATSF (P..05). Regression analyses for KVA involving
hip and knee kinematics revealed that both hip adduction and hip rotation were significant predictors of knee valgus at initial contact (R2 =
.67, P,.05) and peak knee valgus (R2 = .48, P,.05). In addition, gluteus
medius strength was the only significant predictor of KVA at initial contact (R2 = .06, P,.05) and peak knee valgus (R2 = .07, P,.05), although
this may be considered low predictive power. Landing technique also influenced peak ATSF as the high error group demonstrated significantly
greater peak ATSF (P,.05) compared to the low error group, however
there was no difference in KVA (P..05) between groups.
Discussion: Nearly half of the variance in peak proximal ATSF is explained by knee and hip flexion angle at initial contact during a jumplanding task. Individuals displaying less knee and hip flexion experienced
greater peak ATSF. Also, individuals who displayed poor landing technique experienced greater peak ATSF than those with good landing technique. Thus, knee and hip flexion and landing technique appear to be
important factors in controlling peak proximal ATSF. Individuals with
greater hip adduction and rotation and reduced gluteus medius strength
demonstrated greater KVA. These findings demonstrate the importance
of hip motion and strength for controlling KVA.
Conclusion: Several factors other than gender influence peak ATSF and
KVA during a jump-landing task. Specifically, lower extremity kinematics, muscle strength, and landing technique were all shown to influence
peak ATSF and KVA. These findings may have implications in understanding ACL injury risk factors and in the design of ACL injury prevention programs.(Funded by the National Institutes of Arthritis and Musculoskeletal and Skin Disorders Division of NIH (RO1-AR050461001)
and the American Orthopaedic Society for Sports Medicine).

NON-WEIGHT BEARING ANTERIOR KNEE LAXITY IS RELATED TO ANTERIOR
TIBIAL TRANSLATION DURING TRANSITION FROM NONWEIGHT BEARING
TO WEIGHT BEARING
Shultz SJ, Shimokochi Y, Nguyen AH, Ambegaonkar JP,
Schmitz RJ, Beynnon BD, Perrin DH
University of North Carolina at Greensboro, Greensboro, NC
Introduction: Females have greater anterior knee laxity (AKL) compared
to males, yet the effect of this increased laxity on knee joint mechanics
during weight bearing has not been examined. We examine the relationship between nonweight bearing AKL and the anterior translation of the
tibia relative to the femur (ATT) that is produced when a subject transitions from nonweight bearing to weight bearing postures.
Methods: The right knee of 21 subjects (11 M, 10 F; 25.3  4.0 years,
170.4  11.5 cm, 72.4  16.9 kg) was measured for AKL and ATT on
2 occasions approximately 24-48 hours apart. AKL was measured at
133 N with the KT-2000 (MEDmetric Corp; San Diego, CA). ATT was
measured with the subject supine in the Vermont Knee Laxity Device
(VKLD; University of Vermont, Burlington, VT). The VKLD allows controlled loading of the tibiofemoral joint by first creating a zero shear load
condition across the knee while it is unweighted to establish an initial
neutral position of the tibia relative to the femur, then applying a compressive load of 40% body weight through the ankle and hip axes to simulate weight-bearing. Electromagnetic position sensors (Ascension Technologies, Colchester, VT) attached to the patella and the anteromedial
aspect of the tibia measured anterior-posterior displacement of the tibia
relative to the femur. The average of 3 trials for each measure was ana-

lyzed. Intraclass Correlation Coefficients (ICC2,k) and Standard Error of
Measurements (SEM) confirmed day to day measurement consistency,
and linear regression examined the relationship between AKL and ATT.
Results: Means  SD for AKL and ATT respectively were 7.4  2.6 mm
and 7.2  2.3 mm for day 1, and 7.5  2.3 mm and 6.5  2.5 mm for day
2. Measurement consistency was high for AKL (ICC = .97; SEM = 0.4
mm) and ATT (ICC = .88, SEM = 0.8 mm). Linear regression indicated
that AKL predicted 35.3% of the variance in ATT (P = .005), with a prediction equation of YATT = 3.22 + .531 (XAKL).
Discussion: While knee joint laxity has been identified as a predictor of
ACL injury risk in females, the mechanism for this relationship has received little attention. Our findings indicate that this mechanism may in
part be a biomechanical phenomenon, with greater anterior knee laxity
potentially leading to greater anterior displacement of the tibia relative
to the femur upon initial ground contact. Whether this modest increase
in joint displacement in an otherwise healthy knee is sufficient to disrupt
normal joint biomechanics and increase risk of ligament injury requires
further study. It is also recognized that other factors can influence anterior-posterior displacement behavior of the knee during weight bearing,
(thus the relationship between AKL and ATT), namely muscle activity
and joint geometry (eg, knee flexion angle and the anterior-to-posterior
slope of the tibia). Future work is planned to clarify the relationship between AKL and ATT while accounting for these variables, and comparing these relationships in males and females.
Conclusions: These data suggest that increased AKL is associated with
increased anterior displacement of the tibia relative to the femur at initial ground contact. The potential for disruption of normal knee biomechanics during activities such as landing from a jump, or the foot strike
phase of gait deserves further study. Previously presented at the First
World Congress of Sport Injury Prevention, Oslo, Norway, July, 2005.
Reproduced with permission from the British Journal of Sports Medicine.
39(6):401, 2005. ©2005 BMJ Publishing Group.

GENDER DIMORPHISM IN KNEE JOINT MECHANICS AFFECTS ACL LOADING
Mizuno K, Andrish JT, van den Bogert AJ, McLean SG
Department of Biomedical Engineering and Orthopaedic Research Center,
Cleveland Clinic, OH
Introduction: The gender disparity in ACL injuries is commonly attributed to a series of gender-based neuromuscular variations.1,2 Current injury prevention programs thus predominantly teach females to adopt
what are considered safer “male-like” movement strategies. The potential for gender differences in ACL loading, and hence injury risk, stemming from gender dimorphic knee mechanics however, has not been addressed. If this is indeed the case, then a global prevention strategy may
ultimately contribute to, rather than reduce injury risk in many females.
The current study aimed to determine whether the ACL in the female
knee experiences larger strain than its male counterpart, under application of the same 3-dimensional (3-D) knee joint loading state.
Methods: Continuously varying joint loads were applied to 5 male (57.5
 13.4 years) and 5 female (58.3  11.5 years) cadaveric specimens via
a custom-designed manual-loading device and were simultaneously recorded with a 6 DOF load cell fixed to the tibia (Figure 1). Synchronous
knee flexion data were recorded via an electro-goniometer secured across
the joint. ACL strain was also recorded via a microminiature DVRT (Microstrain, Burlington, VT) attached to the anterior-medial bundle of the
ligament (AMB). In each specimen, data were collected at 10 Hz while
flexion angle and loads were varied continuously for approximately 15
minutes. Regression analyses were applied to data outputs to determine
the relationship between ACL strain and 7 independent factors: anterior-posterior, medial-lateral and compression force, flexion-extension,
varus-valgus and internal-external rotation torques, and knee flexion angle. Each series of specimen data were fit to the following model:
7

7

i

ε = a0 + ∑ bi xi + ∑∑ cij xi x j
i =1

i =1 j =1
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valgus and internal rotation load compared to males. Further work is required to elucidate how these combined factors manifest within the noncontact ACL injury mechanism in both men and women.
Conclusion: Gender dimorphic knee joint mechanics are evident under
application of combined valgus and internal rotation knee loading. This
outcome may contribute directly to the increased risk of noncontact ACL
injuries in women and should be considered within current prevention
paradigms.
Acknowledgement: Funded by CCF RPC (RPC 07206).
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LOAD CELL

Figure 1. Illustration of manual loading device.

(1) where,  corresponds to AMB strain and xi is the ith independent loading variable. After least-squares fitting to obtain specimen-specific regression coefficients, model efficacies were evaluated via cross validation. A
clinically relevant 3-D knee joint loading state, comprising combined valgus (10 Nm) and internal rotation torque (10 Nm) was then input into
each validated model, at flexion angles of 0°, 15°, 30°, 60°, and 90°.3 Resulting ACL strains were computed using equation (1) and submitted to a
2-way ANOVA to test for main effects of gender and flexion angle.
Results: Male and female regression models predicted ACL strain within 0.51%  0.10% and 0.52%  0.07% of the measured data respectively, and in each case explained more than 75% of the variance. The strain
response in each model was consistent with previous research, with females eliciting significantly larger (P,.05) strains than males (Figure 2)
Discussion: Current results show that the female ACL undergoes greater
loading than the male ACL for the same external knee load state. Training females to adopt male neuromuscular patterns may be thus unable to
eliminate the gender disparity in injury rates. Rather, movement strategies accommodating for gender, if not individual differences in underlying
joint mechanics, may be necessary. It is not known which joint mechanical factors precipitate larger ACL strains in women. It is possible that the
female ACL experiences the same force as the male, but is more compliant and undergoes larger strains. Another possibility is that female knee
geometry potentiates larger ACL forces when subjected to a combined

GENDER DIFFERENCE IN PASSIVE KNEE JOINT PROPERTIES UNDER TIBIAL
ROTATION
Park HS, Ahn C, Zhang L-Q
Rehabilitation Institute of Chicago, Northwestern University, Chicago, IL
Introduction: The anterior cruciate ligament (ACL) is an important
structure for controlling knee joint movement and maintaining stability. The incidence rate of ACL injury is 2 to 8 times higher in women than
in men.1 ACL impingement against intercondylar notch during excessive
tibial external rotation and abduction has been considered as 1 of the
mechanisms of ACL injury, especially in women.2 On one hand, the intercondylar notch geometry (“narrower,” loosely speaking) makes it more
likely for female knees to have ACL impingement than male knees.2 On
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was cast for tight coupling. Optotrak markers on the flat tibia surface
measure the angle of tibial rotation.
Results And Discussion: Under the controlled load, women showed significantly higher laxity in tibial external rotation with larger terminal rotation (26.7°  7.1° versus 19.2°  3.8°, P = .005) and larger intermediate
rotation (23.3°  7.6° in women versus 14.8°  4.5° in men, P = .0017).
Women also showed lower joint stiffness in external rotation (35.0 
11.9 Nm/rad versus 44.5  6.6 Nm/rad in men, P = .028). In contrast,
there was no significant difference in the passive knee properties in tibial internal rotation between the men and women. Intermediate rotation at 2 deg/Nm, terminal rotation at 7 Nm, stiffness and energy loss
at 7 Nm are shown.
Conclusions: With the narrower notch and larger laxity in tibial external rotation, female knees are more prone to having ACL impingement
and thus ACL injury. This study presents an in vivo and accurate characterization of knee biomechanical properties in tibial rotation in men and
women, which may help us understand the mechanisms underlying the
several fold higher ACL injury rate in women than in men. Clinically, rehabilitation protocols may be developed accordingly to strengthen muscles crossing the knee and modify joint properties in tibial external rotation, especially in women, to reduce ACL injuries.
Acknowledgement: This work was supported in part by NIH and
NIDRR.
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Figure 3. Passive knee joint properties in tibial rotation in men and women.

the other hand, women may have larger laxity in tibial rotation and abduction than men, which also makes it more likely for women to have
ACL impingement than men under the same knee loading. The purpose
of this study was to evaluate passive knee joint properties in tibial rotation in male and female subjects.
Methods: Twenty subjects (10 men and 10 women) were seated in a custom designed joint driving device (Figure 1). The knee and hip flexion
angles were 60° and 80°, respectively. The ankle was cast in the neutral
position and coupled to 1 end of an L-shaped aluminum angle located
distal and posterior to the foot-ankle cast. The L-shaped attachment was
mounted onto the motor shaft through a 6-axis force sensor. To measure
tibial rotation angles, LED markers were attached on the bony and flat
anteromedial surface of the tibia, and the 3-D movements of the markers were measured by an Optotrak system at 100 Hz. The lateral movement of femur was constrained by clamping the lateral and medial femoral condyles to the seat (Figure 1). The zero tibial rotation was taken with
the second toe pointing forward. With the position and torque limits set
at the internal and external directions, the motor rotated the tibia at the
constant speed of 1.5°/s within the limits. Joint laxity in tibial rotation
is measured in 2 ways: (1) terminal rotation measured at 7 Nm torque,
and (2) intermediate rotation measured at the slope of 2 deg/Nm.3 Joint
stiffness and energy loss in tibial rotation were measured at 15° rotation
(shaded area in Figure 2). Figure 1: Experimental setup for knee axial rotation. The servo motor rotates the knee about the tibial long axis with
the 6-axis forces/moments measured by the JR3 force sensor. The ankle

3-D ANALYSIS OF ACL IMPINGEMENT BASED ON INDIVIDUAL PATIENTS’
MRI DATA
Fung DT, Hendrix RW, Koh JL, Zhang L-Q
Sensory Motor Performance Program, Rehabilitation of Chicago; Departments of Biomedical Engineering, Radiology, Orthopaedic Surgery, and
Physical Medicine & Rehabilitation, Northwestern University, Chicago, IL
Introduction: While many noncontact ACL injuries may have resulted
from direct over-stretching of the ligament, the ACL may also be injured
due to its impingement against the intercondylar notch. Previous studies presented mixed views on whether the shape of the notch as seen on
planar radiographic and CT images predisposes the injury,1 with genderspecific implications. Considering the complex shape of the notch, the
oblique alignment of the ACL, and anatomical variations among individuals, there is a need to evaluate ACL impingement in 3-D space accurately in individual knees. The purpose of this study was to develop a modeling method to evaluate/predict ACL impingement in individual subjects
using 3-D MRI data of their injured/uninjured knees with corroboration
of laser-scanned and MRI data from cadaver specimens.
Methods: MR images of the knee were acquired from 1 female cadaveric specimen (F1) 6 human subjects (4 female: F2-F5; 2 males: M1, M2)
in the axial plane at full knee extension with 120 slices spaced at 1 mm
and a FOV of 160 × 160 mm in images of 512 × 512 elements. The contour curves that outline the planar shape of the femur and the tibia including articular cartilage, and the ACL, partitioned into its AM, I, and
PL bands,2 were defined using the spline function in the scanned axial images, and the sagittal and coronal images derived from the volumetric MRI data. Interpolated images were generated on oblique planes
along the ACL’s orientation, allowing clear visualization of its broad attachment sites and multiband morphology (Figure 1). Additional contours describing the ACL were defined in these obliquely oriented images. Displaying the spatial data from all orthogonal and oblique planes
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Figure 1. Geometric reconstruction of the knee (A) using MR images on scanned axial, and interpolated oblique coronal (B, D) and oblique sagittal (C, E) planes.

in 3-D space resulted in an accurate reconstruction of the knee (Figure 1).
After obtaining volumetric MRI, the cadaveric specimen (F1) was dissected thoroughly, removing all the soft tissue and leaving only the stubs
of the origin and insertion of the ACL intact. The geometry of the femur
was then acquired using a 3-D laser scanner (LPX-250, Roland). The
MR-reconstructed and laser-scanned datasets were aligned with each
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Figure 2. (A) A representative kinematic sequence simulated in the MR-reconstructed knees. (B) Strain of the ACL resulting from impingement.

other by registration and evaluated for discrepancy to validate the accuracy of the MR reconstruction. Based on the MR-reconstructed dataset,
anatomical landmarks were identified to define the joint coordinate system.3 A number of kinematic movement sequences that approximate the
knee’s range of motion were simulated. Spatial data that represent the
lateral notch wall were extracted and transformed into a local coordinate
system in which the spatial data points appear to form a surface in the
local x and y directions with single z values. The data points were fitted
using bicubic splines with continuity up to the second derivative. The locations of the origin and insertion of the AM, I and PL bands during the
sequences were determined and then transformed into the local coordinate system. Evaluation of potential impingement of the multiple ACL
bands against the lateral notch wall was performed by implementing a
validated mathematical algorithm,4 which (1) detects for the occurrence
of impingement during the movement sequences, and (2) determines
the path (and the corresponding strain) that characterizes the deformed
shape of the ACL band as it wrapped around the fitted surface when impingement was detected.
Results: The MR-reconstructed and laser-scanned femurs matched very
well, yielding a discrepancy of 0.43  0.31 mm (mean  SD). Impingement was detected in 3 female and 1 male knees (F1, F2, F3, F4, and M1).
Analysis results showed that, during tibial external rotation and abduction movement at moderate knee flexion, the ACL impinged against the
lateral notch wall, with more impingement in the AM than the I band,
and the I band more than the PL band (Figure 2), although the I or PL
may not necessarily be impinged.
Conclusions: The model provides a useful tool to analyze ACL impingement as a noncontact injury mechanism accurately in 3-D space on an
individual basis. The model may be used to study both injured and uninjured knees of a wide range of geometries under various kinematic positions and help us understand ACL injury mechanisms and prevent potential injuries.:
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ULTRASTRUCTURE, SIZE, AND MATERIAL PROPERTIES OF THE HUMAN
ANTERIOR CRUCIATE LIGAMENT: A SEX-BASED ASSESSMENT
Hashemi J, Chandrashekar N, Mansouri H, Hardy D, Slauterbeck JR
Texas Tech University and Health Sciences Center, Lubbock, TX;
University of Vermont, Burlington, VT
Introduction: Despite intense focus and numerous research initiatives
over the past decade, the sex-based disparity in the rate of anterior cruciate ligament (ACL) injuries has not diminished, as reported by Agel
et al (Agel et al, 2005). This recent report also indicates that, none of
the existing theories completely explains the disparity nor offers a solution. Clearly, before a solution may be offered, the cause or causes for
the disparity should be identified; the authors propose that a root cause
(central factor) in conjunction with neuromuscular and hormonal theories, feeds the existing sex-based disparity. This root cause is centered
around the differences in the geometry and properties of the ACL based
on sex. Several factors regarding sex differences in the performance of
the ACL have been recently reported: (i) female ACL is smaller than the
male ACL (Chandrashekar et al, 2005) even after adjustments made due
to body anthropometry; (ii) smaller ACLs are in fact weaker than larger ACLs, when body anthropometric measurements are considered in
the analysis; (iii) if one considers male and female ACLs of essentially
the same size, in our recent study (Chandrashekar et al, in press), it was
shown that the female ACL has a lower mechanical quality (a measure of
mechanical properties) when compared to male ACL. What could be the
cause for this difference in properties? There is no evidence in the literature of a sex-based difference in the ultrastructural parameters of the
ACL. Any such difference could point to differences in the remodeling response of the ACL. In this study, we hypothesize that female ACL has a
lower collagen fibril density, lower percentage of area occupied by fibrils
and lower mean diameter than male ACL after adjustments have been
made to age and donor anthropometry.
Methods: Twelve ACL (6 male and 6 female) which were a subset of those
ACLs used for the study of mechanical properties, were randomly selected to study the sex based differences in their ultrastructure. The ACLs
were dissected from fresh-frozen knees. The mean ages of male and female donors were 34.5 and 36.5 years, respectively. The anteromedial
and posterolateral bundles of the ACL were separated. Small pieces (3
mm in length and 1 mm in width and thickness) of the ACL from the
proximal, distal, and middle portions were removed from each bundle
and resulted in a minimum of 18 micrographs for each ACL. These micrographs were then scanned using a negative scanner. The images were
analyzed using ImageJ software provided by NIH. The mean fibril diameter, number of fibrils/square micron area and the percent cross-sectional area occupied by fibrils were then calculated using all 18 micrographs but omitting those regions of unusual absence of fibrils. These
ultrastructural parameters were compared between sexes using multivariate regression analysis considering the donor age and donor anthropometry as covariates. The level of statistical significance (alpha) was set
to 0.05 a priori.
Results: There was no evidence of any sex based differences in the average fibril diameter and fibrils/square microns between sexes. We found
that male compare to female ACL has a higher percentage of collagen

fibrils occupying a defined cross-sectional area (male 45.2%, female
40.6%, P = .049).
Discussion: Since collagen fibrils are primary load bearing members of
the ACL, higher collagen content can manifest itself in a tissue of higher mechanical quality. This is consistent with our earlier result showing
lower mechanical quality of the female ACL. The total number of fibrils
is generally associated with the stiffness of the ligaments. Accordingly,
higher number of collagen fibrils per square area relates with the modulus of elasticity of the ligament. Higher modulus of elasticity in male
ACLs (Chandrashekar et al, 2006) might not be due to higher fibril density in males.
Conclusion: Our findings regarding sex differences in size, properties,
and ultrastructure, collectively, offer a root cause in part describing the
existing disparity in ACL failure. This could explain how some of the differences in neuromuscular response between athletes could have an impact on the ACL failure rate. Female ACL has lower percentage collagen
content. This might be a reason for higher incidence of ACL injuries in
females. Such ultrastructural differences might show possible remodeling differences between the sexes. A study with higher sample size can
provide more accurate results.
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ACUTE EFFECTS OF STEROID SEX HORMONES ON TYPE 1 COLLAGEN mRNA
EXPRESSION

Romani WA
University of Maryland School of Medicine, Dept. of Physical Therapy
and Rehabilitation Science
Introduction: Type 1 alpha-1 (T1C) and Type 3 collagen are crucial structural components within the extracellular matrix of the ACL and provide the tensile and elastic strength of the ligament. Estradiol (E2) has
been shown to reduce in vitro collagen proliferation and in-vivo load to
failure in the rabbit ACL, but studies on other animal models and on the
differences in ACL injury rate throughout a normal menstrual cycle have
been inconclusive. We have identified relationships between knee stiffness and E2 concentrations near ovulation but no significant changes between menstrual cycle stages. To date, most of the attention on the role of
sex hormones and ACL injuries has focused on the female sex hormones,
E2 and progesterone. Since the male sex hormone, testosterone (T) plays
a key role in the aromatization of estrogen and collagen proliferation in
other connective tissues it is possible that T may also influence collagen
remodeling and the strength of the ACL. The purpose of this study was to
determine the acute influence of male and female steroid sex hormones
on the expression of a key component of ligament strength, type 1 collagen. We hypothesized that T1C mRNA expression would be lower in animals injected with E2 and higher in animals injected with T as compared
to gonadectomized controls.
Methods: Two groups of male (n = 7, 7) and 2 groups of female (n = 6, 7)
12-week-old Sprague-Dawley rats were gonadectomized. After a 15 day
hormone clearance period the female rats were subcutaneously injected on 2 consecutive days at 8 am with 2.5 ug of E2 dissolved in 1 ml of
sesame oil or with sesame oil alone. Male rats were injected on the same
schedule with the sesame oil vehicle or 2 mg of dissolved Testosterone
Propionate. Rats were euthanized 6 hours after the second injection and
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tissue was stored in RNAlater at –20°C until homogenized and isolated. Reverse transcriptase generation of cDNA was performed and qPCR
protocol to amplify T1C as per our lab’s protocol. Quantitative analysis
was carried out with an MJ SYBR green kit and an MJ Chromo 4 Real
Time Detector. Beta-Actin was used as an internal control. Differences
in mRNA expression were determined based on the relative difference
(or fold change) in cycle number (DCt) necessary to achieve the same
level of fluorescence as the reference control. Two separate paired t tests
were used to determine differences in mRNA expression between hormone treated and control groups. Significance was set at P,.05
Results: As expected male rats treated with TP had higher mRNA expression than male controls (P = .025). Similarly, female rats treated
with TP had higher trends for mRNA expression than female controls
(P = .088).
Discussion And Conclusions: These results indicate that steroid sex hormones acutely influenced the expression of T1C mRNA in gonadectomized male and female rats. Although T1C likely plays a role in the tensile strength of the ACL, changes in the expression of mRNA do not
necessarily indicate a change in protein content or strength of the ACL.
In fact, studies in our and other laboratories have indicated that changes in sex hormone concentrations do not acutely influence the strength
of the ACL. However, cyclic changes in hormone concentrations may initiate a process of collagen production or turnover that over a longer period of time, may influence the strength of the ACL. Further studies are
needed to determine the long term influence of steroid sex hormones on
other markers for ligament strength and metabolism such as type 3 collagen and matrix metalloproteinases.

THE EFFECT OF SEX HORMONES ON ANTERIOR TIBIAL DISPLACEMENT
AND ANTERIOR TIBIAL SHEAR IN NORMAL OVULATING WOMEN AND ORAL
CONTRACEPTIVE USERS
Verscheure S, Osternig L, Drayer B, Fuller L
University of Oregon, Eugene, OR; Loyola Marymount, Los Angeles, CA;
National College of Naturopathic Medicine, Portland, OR
Introduction: The purpose of this study was to determine the effect of fluctuating hormone levels on anterior tibial displacement (ATD) and anterior
tibial shear (ATS) in both ovulating women and oral contraceptive users.
Methods: Eighteen uninjured, ovulating women (NORM) and 20 oral
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contraceptive (OC) users participated. The NORM subjects were tested for ATD, ATS, estrogen, and progesterone at 3 time periods during 1
complete menstrual cycle including: (1) the immediate onset of menses
(M1), (2) the estimated occurrence of estrogen peak (E), and (3) the immediate onset of the next menses (M2). OC subjects were tested after ingesting estrogen supplements for 7 days (E), and when no supplement
was taken (M1, M2). ATD was produced by instrumented forces (KT2000) and ATS was recorded on a closed-chain dynamometer. Hormone
levels were assessed for each test time in the NORM group. ANOVAs
were used to identify significant differences in ATD and ATS (P,.05), if
any, between test periods, groups, and conditions. Post hoc analysis included the identification of the predominant pattern of change of ATD
and ATS across test time for each group.
Results: No significant differences in ATD or ATS were found, however, the effect of test time on normalized ATD approached significance
(P,.08). The predominant pattern of ATD and ATS change across time
period in the NORM group (7 of 18 subjects) was an increase from M1 to
E and a decrease from E to M2. The predominant pattern of ATD (6 of
20 subjects) and ATS (9 of 20 subjects) change across test time observed
for the OC group was a decrease from M2 to E and an increase from E to
M2, the opposite of the NORM group.
Discussion: Peak blood estrogen levels occurring during ovulation may be
linked to an increase in ATD and ATS in some ovulating women, and ingested synthetic hormones may be linked to a decrease in ATD and ATS
in some OC users. Changes in ATD may be due to a temporary effect
of estrogen or synthetic progestin on ACL tissue in some women, and
changes in ATS may be due to a transient effect of natural or synthetic
hormones on quadriceps activation in some women.
Conclusions: These data may indicate an effect of fluctuating hormone
levels on anterior tibial displacement (ATD) and anterior tibial shear
(ATS) in some ovulating women and oral contraceptive users, but these
results were only noted when the patterns of change in the dependent
variables (across time) for individual subjects were considered. Note:
Portions of these data have been presented at the following conferences: International Society of Biomechanics, Dunedin, New Zealand, July
2003; Northwest American College of Sports Medicine - Missoula, Montana, April 2003; Canadian Athletic Therapists’ Association, Victoria,
British Columbia, May 2003 and 2005.
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